Toc 


(VOLUME NUMBER 6 


THE 


PHYSICAL REVIEW 


A FOURNAL OF EXPERIMENTAL AND 


THEORETICAL PHYSICS 


CONDUCTED 
WITH THE CO-OPERATION OF THE 


_ AMERICAN PHYSICAL SOCIETY 


BY 
EDWARD NICHOLS, 
ERNEST MERRITT, and FREDERICK BEDELL 


CLXAXV 


DECEMBER, 1910 


Absolute Formule for the Mutual Inductance of Coaxial Solenoids. 

G. R. OLSHAUSEN 617 
Further Studies of the Firefly. HERBERT E. IVES 637 
The Discharge of Electricity through Gases at Various Temperatures. 

RB. F. EAR HART 652 
On the Question of the Mction of the Ether in a Steady Electromagnetic Field. 


S. J. BARNETT 662 


A Sensitive Thermopile. . B. J. SPENCE 666 
Some Calorimetric Apparatus. WALTER P. WHITE 670 
A Test of Calorimetric Accuracy. WALTER P. WHITE 686 
New Books yo2 
Index 


7°3 
710 


Brrata 


THE PHYSICAL REVIEW 
LANCASTER, PA., AND ITHACA, N. Y. 
BERLIN MATER : AND MUELLER 


ot 
2 a 
a 
‘ 
a 
a 
d 
‘] 
| 
‘a 
4 


THE PHYSICAL REVIEW 


A JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS 
Conducted 
With the Co-operation of the 


AMERICAN PHYSICAL SOCIETY 


EDWARD L. NICHOLS _ 
ERNEST MERRITT, AND FREDERICK BEDELL 


IN THE UNITED STATES 
Annual Subscription $6.00 Single Copies $ .60 


OUTSIDE THE UNITED STATES 
Annual Subscription $6.50 Single Copies $ .65 


Two volumes of Taz PHysicat REVIEW are published annually, these vol- 
umes beginning in January and July, respectively, and containing six numbers 
each. Subscriptions should be sent to the publishers, Taz PHysicaL RE- 
vinw, 41 North Queen Street, Lancaster, Pa., or Ithaca, N. Y.; or to Messrs. 
MAYER AND MUELLER, Zerlin. In order that subscriptions may terminate 
with the December issue, subscriptions for less than one year, terminating in 
December, will be taken at the yearly rate. 

Previous to Volume V (July-December, 1897) THe PuysicaL REVIEW was 
published in annual volumes, each containing six bi-monthly numbers, begin- 
ning with the July-August number, 1893. . 

A limited number of complete sets of the REVIEW will be supplied at the 

ice of $3.00 per volume for all volumes, carriage extra. When they can be 

ished without breaking a set, separate back volumes will be supplied at 
the same price, and single back numbers will be mailed to any address in the 
United States at the price of $.60 per copy, or to any address outside the 
United States at the price of $.65 per copy. , 

For advertising rates, address Tae Puysicat Revirw, /thaca, N. Y. 
Change of copy in standing advertisements should be sent direct to the print- 
ers, THE NEw ERA PrinTING Co., Lancaster, Pa. 

Correspondence relating to contributions should be addressed to the editors 
at /thaca, New York. If an article submitted for publication in the REVIEW 
is to be published elsewhere, notice to that effect should be given. All manu- 
script submitted should be ready for the printer; the editors cannot assume 
responsibility for its correctness. Illustrations should be in black and white, 
and ready for reproduction. Curves should be plotted on plain paper with 

‘ ruled black co-ordinates or on blue-lined cross-section paper. Cross-section 
paper with lines of any other color should be avoided. 

The authors of original articles published in the Review will receive one ¥ 
hundred separate copies in covers, for which no charge will be made; addi- 
tional copies, when ordered in advance, may be obtained at ape depending - 
ane the length of the article,etc. A schedule of prices may be obtained from 


Entered at the post-office, at Lancaster, Pa., as second class matter. 


4 
: 
4 
al > 
‘ 
' 


Volume XX XJ. December, 1910. Number 6 


THE 


PHYSICAL REVIEW. 


ABSOLUTE FORMUL FOR THE MUTUAL INDUCTANCE 
OF COAXIAL SOLENOIDS. 


By G. R. OLSHAUSEN. 


1. Two absolute formule for the mutual inductance of coaxial 
solenoids have recently appeared, one by Cohen,' expressed in 
terms of elliptic integrals of Legendre and a second by Nagaoka? 
involving the p-function and o-function of Weierstrass. The com- 
putation of any given case of mutual inductance by Cohen’s formula 
necessitates the use of Legendre’s tables of elliptic integrals, while 
a computation by Nagaoka’s formula does not depend on the use 
of these tables, but on the introduction of the #-functions of 
Jacobi. 

A third formula, due to Kirchhoff, was published for the first 
time by Coffin? This formula, which is of the same type as that 
of Cohen, was found, however, to be incorrect. 

It is the object of this paper to derive a general expression from 
which the formule of Cohen and Nagaoka, as well as a correct 
form of Kirchhoff’s formula may be obtained. 

The mutual inductance of any two circuits is given by the ex- 
pression 


(1) M= ff cose 


1L. Cohen, An Exact Formula for the Mutual Inductance of Coaxial Solenoids, 
Bull. Bur. Stand., 3, p. 295, 1907. 

2H. Nagaoka, Note on the Mutual Inductance of Coaxial Coils, Mathematico- 
Physical Soc., Tokyo, Proc., 4, p. 192, 1907. Also l. c., p. 279, 1908. 

3J. G. Coffin, Construction and Calculation of Absolute Standards of Inductance, 
Bull. Bur. Stand., 2, p. 125, 1906. 
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Applying this expression to two coaxial solenoids, it is easy to 
deduce 
(2) M=4rnn’ —Ie—Is+J,], 1 


where and nm’ are the respective numbers of turns per unit of 
length of the two coils, and the quantities in the brackets are inte- 
grals of the form 


(3) I= aa [ Va, +a’ +c — cos y. 
In this a; and a are the respective radii of the coils and c has the 
following values: 

for J=h, 

c=d+l1,-1 for 

c=d+l1—-1, for 

for 


where d is the distance between the centers of the coils and 2/; and 
2l are their respective lengths. 
To evaluate the above integral, let 


cos y = x, 
then 
t) I = ’ 
4 
Je-netn (x-4) 
where 
(5) a=a;+a’?, B=2a,a, 


In order to reduce this integral to the normal form of Weierstrass, 
we let 


(6) x—y/B=m(s—e), x—1=m(s—e), x+1=m(s—es) 


and determine the quantities e,, e, and e; in such a way that their 
sum is zero. 

m is a parameter, which can be determined by imposing upon it 
any arbitrary condition. 

1See L. Cohen, l.c., p. 297. 
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From (4) and (6) we obtain 


G) 4(s—e,)(s—e,)(s—e,) ds 


Now let 
pu=p(u | @1, ws)! 


be the elliptic function which is determined by e, ¢2 and e; and put 
I /a 
(8) s=Y)u and 


We shall assume that w; and w;/i are real and positive quantities. 
We have then 


du = 
4(s — e,)(s — e,)(s — 
and 
4(s —e1)(s —e2)(s —e3) = u — goPu — g3= (p’u)?, 
where 
(9) £2 = = 4er€r€s. 


On substituting in (7), we get 


(mp)* 4p'u — — gs 
S Jus pu — pw 


Expanding the integrand of this expression and remembering that 


(p’w)? = — gopw — gs, 


we obtain 


Integrating term for term, we have 


(10) I= oe (2 (w) +nxil 


where m is an integer due to the many-valuedness of a logarithm. 
A method for determining m will be given later. 


1The notation employed inthis paper is that of the ‘‘Formeln und Lehrsaetze zum 
Gebrauche der elliptischen Functionen. Nach Vorlesungen und Aufzeichnung des 
Herrn K. Weierstrass, bearbeitet und herausgegeben von H. A. Schwarz.” 
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Equation (10) enables us to evaluate the integrals J,, Jz, Js and 
I, in all cases. In order to do this, it is only necessary to express 
the quantities in brackets in terms of the constants of the problem 
and to choose such a form for the parameter m as will facilitate the 
computation as much as possible. 

2. As the number n will be seen to depend on the value of w 
which satisfies the known values of pw and p’w, it is advantageous 
at this point to evaluate these quantities. 

From (6) we find 


(11) 


From (5), (8) and (11) we get 


(12) = — = 
and 
Neg) 
B 2ma,a’ 
 2ma,a 
Since 


(p’w)? =4(pw—ex) (Pw —es)(Pw—es), 


we have from (5) and (13) 
p’w 


, ila 
\ m'p° = 


In this equation we assume that a,>a and that m and ¢ are 
real and positive, i. e., the absolute value of c is always to be em- 
ployed. 

It is easily seen that the value of pw is such that 


(14) 
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for we have from (5), (8) and (11) 


I 2 2 


3m 
pu = = 2(a," +a) 


Since pw is real and comprised between the values e, and e&, w 
must have either the form 


(15) w=(2p+1) w1+(2¢+2)ws 
or 
(16) w= 


where p and gq are any positive or negative integers, including zero, 
and ¢ is a real positive quantity less than unity. If wis of the first 
form, )’w is purely imaginary and positive. If whas a value corre- 
sponding to the second form, ?’w is purely imaginary and negative. 
3. The integer m, which enters into the expression for J, can be 
determined for any given value of w as follows: 
We have 


= — 20, (w) + 


If in the u-plane we start with any given value of w and let it 
vary along a straight line until the nearest value of w having the 
form 


Wo = 


is reached, the values of the definite integral and of the expression 


2m,w — 20, = (w) 


can only change continuously; the number » therefore must remain 
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unchanged during this variation of w. When w has the value wp, 
the definite integral equals zero, since p~’w is then zero, and 


o 
— 20, (wy) = 


We have therefore 
n=—q. 


4. By means of the addition theorem of the function = (u), 


equation (10) can be transformed into another form from which 
Cohen’s expression for J can be derived. 


We have 
o’ o’ o’ 
If we let 
u=w and v=a,, 
we obtain 
o’ o’ p’w 
(17) = (ww — = (w) — 
where 


A=I, 2 or 3. 
By means of (17) and the relation 
(18) — wins = 371, 


we can easily find three new expressions for J, but, for reasons 
which will appear later, we shall only consider the case \=3. 
If \=3, we have 


(19) —w, — (w) = 7, (w — ws) — + + 
Substituting (19) in (10), we get 
3 
20 


This equation leads to Cohen’s formula, while from (10) Kirch- 
hoff’s formula can be deduced. 


No. 6.] MUTUAL INDUCTANCE OF COAXIAL SOLENOIDS. 623 


If in equation (10) we put 
wW=0,+wyi, 

where w, fulfils the condition 
0< < 43/7, 


then w is of the form (15), the value of m is zero and )p’w is positive.' 
Since we also have 


(w, + =m + (w,t), 


the expression (10) becomes 


_ (mp)! 


I [now + { & 


(21) 
pw 


+ ry — w, (w,1) 


If in (20) we let w have such a value that 


W— Wt, 
or 
W = we + Wet, 
where 


then w is of the form (16), m is —1 and })’w is negative. Since we 


also have 


(w = m+ (w,i) 


equation (20) becomes 


(mp)? 


2 


I= [nvw + | + (7 


‘22 
+ Wet (w,t) — 


5. In order to transform (21) and (22) into the corresponding 
formule of Kirchhoff and Cohen, we must find the relations between 


‘Nagaoka has given p’w the wrong sign in this case; however, in his computation 
~’w has the positive sign. 
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the integrals of Legendre and the quantities which enter into these 
equations. 
If in the incomplete integral of the first kind to the modulus + 


, de 
Fie, k) = = 


we let 
¢=90-y, 
we get 
I aia d 
F(y k’) = b 
sin’ 
where 
=1. 


Changing the variable again, by letting 


t=sin? y 
we obtain 
dt 
(23) F(¢, k’) = 


To transform this expression into the normal form of Weier- 
strass, let 


(24) t+k?/k’?=m'(s—es), t=m'(s—e), t—-1=m'(s—e), 


m’ being a parameter. From these equations we find 


I I 


(25) 
plans 


From (23), (24) and the second equation of (25) we have 
—— ds 

26 F(¢, k’ 

als — es — — 


where the value of the lower limit is easily determined from the 
second equation of (24). 
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We have . 


t cos 
(27) s= = = 008" oe, — + 


It is evident that for real values of ¢, s is always real and comprised 
between and ¢. 
If we now let 


s=pu= p(u| wr, ws) 
be the elliptic function belonging to the quantities e;, e, and é3, as 
determined above, we have 


ds 


~ — e)(s — — 


and 


(28) k') =ive,—e,] du = ive, —e(w, — u), 


the lower limit u being determined by (27) for any given value of ¢. 
Since s=)u is real and comprised between e; and @, we may put 


O< 
so that (28) becomes 
(29) k’) = — e. 


If ¢ equals x/2, F(g, k’) becomes a complete integral to the 
modulus k’, i. e., 


F(k’) = 


In the same manner it can be shown that the incomplete integral 
of the second kind to the modulus k’ 


Ely, k’) = sin’ ¢ deg, 
0 
reduces to 
E(¢, k’) = Ve, [ ex(u + (u) n | ’ 


(30) — (u,t) + | 


1 
u 
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From this we find for the complete integral to the modulus k’ 


j 
E(k’) = — 
( ) 33] 

The expressions for the complete integrals of the first and second 
kind to the modulus k may be deduced in the same manner, as 
that in which the corresponding ones to the modulus k’ were ob- 
tained. We have 
(31) F(k) es, 


(32) E(k) = ™ + ew, 


6. If in equation (21) we now express w, me (wit), w, and m 
1 


in terms of elliptic integrals of Legendre and ge, pw, p’w, e: and és 
in terms of the constants of the problem, we obtain the correct form 
of Kirchhoff’s formula. 

If after having fixed the parameter m, we assign to ¢, é: and és 
in (25) the values given in (11), the moduli k and k’ and the param- 
eter m’ will be definitely determined. If we also let 


U=W=a,+uyl, s=Pw, 


the value of the amplitude ¢ of the incomplete integrals can be 
determined from (27). 

From (29), (30), (31) and (32) the following relations can be 
easily be deduced: 


w, = Fle, F’) 
es 
(wii) =i Ve, — Bly, + Fle, F’), 
(33) 1” a1 — 
I 
=> — F k 


Substituting these values in (21), we get 
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I= pw: E(k)+ 4 


Feil? 


(34) 


_ 


The value of g2/6 in this equation can be obtained from (9), 
which, by substituting from (11) and (5), becomes 


(35) = 2 [543] = 3}. 


From (5), (11), (12) and (35) we easily find 


(36) I 2(a, +a’) — 
~ (mp)! 3 + a)’ + 
and 
pw(pw + Ye, ~ (mp)? [ | 


[< + 2c*(a,? + a’) — 2(a,? — 
(mB)? 3V (a, +a)? 


Substituting (14), taken with the positive sign, (36) and (37) 
in (34), we obtain 


2( 
a a’) 


I= 


V (a, + a)’ + & E(k) 


(a, + a)? + 


(38) F(k) 


which is the correct value of J for Kirchhoff’s formula. 
The amplitude ¢ may be obtained from (27). We have 


or 


4 
pu —e 
cos? g = 
— & 
pw —e 7 
sin’ = 1 — i 
— 
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and by (5), (11) and (13) this becomes 


—a 


The moduli & and k’ are obtained from (5), (11) and (25). We 
have 
(a,+ a)’ +c 


4a,a 


(40) ~ (a, +a)? +c” 


7. If we now let © 


k” = 


U=W—w3= Wet, 
where 
O< We < w3/t, 


and substitute the corresponding values of (33) in (22), we obtain 


ay +(") rw 


pw 


In this equation ~’w/2 is to be taken with its negative sign. 

The only quantities in this equation, which have not been ex- 
pressed in terms of the constants of the problem, are the coefficient 
of F(k) of the second term in the square brackets and the am- 
plitude ¢. 

From (5), (11), (13) and (14) we get 


Ye,—e,\ 2) pw—e, (mB) Sy 
I (a, — a)’c* 


(mB)! (a, + a)? + 
Adding this to (37) and reducing, we get 


I 


| — pw(pw + e,) + (=) 


Ye, — 


(42) 


[< — — 6a,a + a’)c’? — 2(a,? — | 
(mB? 3V (a, +e 
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Substituting (36), (42) and (14), the latter taken with the negative 
sign, in (41), we finally have 


+a’*)-¢ 
3 
(a, 


—(a7—a*)c Ele, EQ) Fle, + 


tes 


2 (a, +a)’+ c’E(k) 


(43) + F(k) 


which is the expression V in Cohen's formula. 
It remains to find the amplitude ¢g for this expression. If in 
(27) we let 
p(w— ws), 
and subtract es from both sides of the equation, we obtain 


p(w —ws) cos? +(e2:—e3) = —e3) —e2) sin? ¢. 


Now 


p(w — — = 
3 


and consequently 

sin’? g = 
€, — Pw — 


which by (11), (13) and (5) becomes 


The values of k? and k” are of course the same as those in Kirch- 
hoff’s formula. 

8. By letting \ equal 1 and 2 successively in (17) two additional 
expressions for J can be derived, but the value of the amplitude ¢ 
becomes complex in these cases. Nothing new is obtained by 


letting 

instead of 

V=,, 


as was done on page 622 in deriving Cohen’s formula. 
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9g. The values of ge, m, w: and w depend on the value of m. If, 
for example, we let 


so that 
2\3 

m= 
and we then compute the above quantities, we obtain Nagaoka’s 
values. His expression for J is obtained from (10) by giving m 
this value and letting » equal zero. A convenient value of m for 
computing J from (21) is the one for which e,—es;=1. We shall 
give the special formule for this case later. 

10. In addition to the expressions (11), (12), (13), (14), (35) and 
(40), two sets of formule are necessary for the computation of J 
from (21), one set for negative and another set for positive values of 
é2. The series of the first set are more convergent when e:<0, while 


those of the second set converge more rapidly when e.>0. 
From (5) and (11) we see that 


when 6aa 5a2+a°+’. 


In the following formule all radicals are to be considered as 
positive quantities. 
Formule for e.<o. 


Let 

Ve, Ve, —e, 1+ 
and 


h = $1 + 2(31)° + + 150(3/)" + - 


then w, can be calculated from either of the two expressions 


(46) 
2 = es 


To determine m, we have 


47 I — 3h +5h°—7h?4--- 


(mp)# 
2a,a, 
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To find the value of w; which satisfies the values of pw and p’w 
given in (12) and (14), we write 


2°4°6 
_ 1°3°5\ 
and let 
| 
Ve, — Vs —e, — Ve, — 2, V5 — 
Ne, — e Vs — e, + Ne, Ns — e, 
then 


2vf-1 
4 a4 — 
(Ve, +'Ve, — ¢,)° 


+ + of + | 


at 


w, = log nat (V? —1 — 
(49) 


Instead of (48) and (49) the following two formule may also be 
employed: 


(50) = = = va = 4 


I —1 


h( h( Ne? —1 — *( —e,+ Ve, - 


w, = log nat = 4%, ff 
(51) 
+ + — FQ, 
$°$ 

If the absolute value of ¢ is less than that of ?¢’, it will in general 
be better to use (49) to compute w, in the contrary case it is better 
to employ (51). 

It can be shown that ¢ and ¢’ are always negative and that their 
absolute values are always greater than unity. 

If we now put 


= | = 
W, 
so 
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then 
Co 


wi { — 27") + — + — 


(52) 


Formule for e.>0 


(53) Ve, —e,+Ve,—e, I+ Nk 
h, = 31, + 2(41,)° + 15(44)° + 15004)" 


3 2 4 16 2 
(1 + 2h 2h vee)’, 
( Ve, —é¢,+ Ne, ) 


or 


(54) in log nat 


_ 1- 3h) +5! — 7h," + 
(55) 2w, log nat (;-) 3h, + 5h,° re 


The formule which are necessary to determine w, in this case are: 
g (2) (23) (E23) --- 
1,1 2 1 2°4 1 2-4°6 1 ’ 
1-3-5)" 


ib 


= 

Vs 

(56) = 
S—€,+ Ve, — Vez — 

(57) arc tan 
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Ws I 2 
—e 
(58) 2— 63 
Now let 
_ 
2a, ’ 
then 
nW,i—w, — (w,i) 
(59) 


rw, 2h, sin — 4h,‘ sin + 6h,’ sin6ur — --- 
I— 2h, cos +2h,‘ cos 4ur —2h,’ cos 6ux + 


= inv — 


Formule corresponding to (48) and (49) could be given for this 
case, but the values /,t,; and ¢; are complex and make the computation 
troublesome. 

t,’ in the above formule may be either positive or negative; its 
absolute value is always less than unity. 

In many cases! and /, are small quantities, so that the second 
terms of (49), (51) and (58) can be omitted. The approximate 
expressions for z and v are then quite simple. 

We have from (49) 


(60) 2=/f-1-1, 
from (51) 
(61) 
and from (58) 
(62) v=} 
11. If we let 8 
y _(a,+a)'+ 
(63) 2a,a 
so that 


@—@ =k, 


-¢ (a, — a)? (a, +a)’ 
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some of the formule of the last paragraph simplify somewhat. 
The other quantities which are necessary to calculate J from (21) 
have the following forms in this case: 


(64) mB = (a,+a)?+¢?, 
(65) 3 @ +e) +e 
_ 
(66) pw - i(a, a Je 


2 [(a, +a)? +c 


Since ¢:—e;=1, é2 can be expressed in terms of m alone. We 


3\m 


= = 
é,=0 when mS 4. 


easily find 
from which we see that 


When c=o and a,;=a we have from (63) 
m=2, 


which is the minimum value of m. This is one of the values of m 
when the two coils coincide, so that we have self-inductance 
instead of mutual inductance. As a very convenient expression 
for computing the self inductance of a single layer coil has been 
given by Nagaoka, it is not necessary to give formule for self 
inductance here. 

12. Cohen’s as well as Kirchhoff’s formula involves ct, which 
is inconveniently large when one or both coils are long, or when 
there is a great distance between their centers. Kirchhoff’s formula 
has the further disadvantage that, when c is large compared to 
(a,;+a), the arguments ¢ and 6 of Legendre’s tables are both near 
90°, so that E(g, k’) and especially F(¢, k’) cannot be determined 
with sufficient accuracy, unless terms of the fourth and even fifth 
order are taken into account in the interpolation. 

1H. Nagaoka, Note on the Self-inductance of Solenoides, I. ¢., p. 314, 1908. 
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13. The case computed by Cohen, where 
d=0, 2l=200, 2l=20, a=10, a,=15, 
when calculated by Kirchhoff’s formula, gave 
M=4rnn’ 6212.9, 


while formula (21), when (61) was used and m was so chosen that 
gave 
M=4rnn’ 6213.77, 


seven place logarithms having been employed. The values of M 
obtained by Cohen and Nagaoka were 


M=4rnn’ 6213.4 
and 
M=4rnn’ 6213.51, 
respectively. 
A computation by the series given for e¢: >0, which do not converge 
very rapidly for this case, gave 


M=4rnn’ 6213.63. 


The results of the computation by (21) and (61) are given on the 
following page. 


4 
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a,=15, a=10, 
c=110. 


a@,=15, a=I0, 
c=90. 


1 2(a,?+ a*) —c? 
log pw= log 3 (o,40)*+ a 


2[/ a,*+a*?+c 2a,a 
lo = lo 
8 [((a,+ a)? + 
log = log [(a,+ a)? 
4a,a 
(a,+ a)*+¢? 
= 1— 


= log (1+---)* 


mw? 1—9h?-- 
log 7, = log ; 12w, 


(aq, 
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FURTHER STUDIES OF THE FIREFLY. 
By HERBERT E. Ives. 


NDER the title “The Light of the Fire-fly’’! the present 
writer, in conjunction with Dr. W. W. Coblentz, has de- 
scribed an investigation of the visible radiation of one variety of 
firefly (Photinus Pyralis). The chief difference between that in- 
vestigation and preceding ones (for instance that of Professor 
Langley) lay in the application of photography with color-sensitive 
plates. By this means the difficulties imposed by the faint and 
intermittent character of the light were largely overcome. Meas- 
urements of energy distribution, practically impossible by visual 
means, were made, and the character and extent of the visible 
radiation were determined from photographic exposures which 
integrated the effect of the fire-fly’s flashes during periods of several 
hours. The visible radiation was found to consist of a continuous 
band of yellow-green light extending from .514 to .67u4, with a 
maximum at .57u, the wave-length of maximum visual sensibility 
for high illuminations and likewise of maximum energy in the solar 
spectrum, as received through the atmosphere. 

If this narrow band in the visible region of the spectrum con- 
stitutes the total radiation, it would appear that the fire-fly —as far 
as its radiated energy is concerned —is the most efficient of known 
illuminants. Its (radiant) efficiency was calculated to correspond 
to nearly fifty candles per watt, little short of what it would have 
been had the light been quite monochromatic of wave-length .57.. 

The object of the present paper is to discuss more fully the 
grounds for believing the firefly’s visible radiation to be its total 
radiation. Experiments in the infra-red and ultra-violet regions 
of the spectrum were recently made to investigate this important 
question and the results are here described. 


1Transactions of the Illuminating Engineering Society, October, 1909, p. 675. Also 
Bulletin of the Bureau of Standards, vol. 6, no. 3. 
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The only experiments heretofore made outside the visible region 
are those of Langley and Very, recorded in their memoir ‘“The Cheap- 
est Form of Light.’! The bolometer measurements there described 
showed clearly the very small quantity of heat radiated by the insects, 
as compared with any artificial source, for a given quantity of light. 
These results are generally interpreted as showing that, aside from 
body heat, the visible radiation is the only radiation. Study of 
the paper referred to, however, shows that one possibility in the 
character of the radiation was not investigated, namely, that infra- 
red radiation of a quantity comparable with the visible may exist 
between the regions of visible and ‘‘body”’ radiation. In order 
that this deficiency in Langley’s work may be clearly understood, 
his experiments will be briefly outlined, with his conclusions and with 
comments to indicate the reasons for believing a more conclusive 
test necessary. 

It is first pointed out that there will be a certain amount of heat 
radiated, due to the body temperature of the insect. This heat, 
corresponding to a temperature below 50° C., will lie in the region 
of waves much longer than those ordinarily accompanying visible 
radiation in the production of light by high temperatures. This 
radiant heat will be distinguished from radiation other than body 
radiation by its inability to pass through glass, which is transparent 
to wave-lengths of less than 34. The body radiation may there- 
fore be separated from that of shorter wave-length than 3u by the 
interposition of a piece of glass. This obviates the necessity which 
would otherwise exist of forming a spectrum, with consequent 
great loss of light. 

With the most sensitive bolometer at his command, Langley 
then made the following experiment. The radiation from an insect 
was allowed to fall on the bolometer surface. A small but real 
galvanometer deflection was obtained, representing the excess of 
total heat radiation from the insect over that from a metal plate 
at 25°C. used as the background. A sheet of glass was then inter- 
posed, which cut off all the observed heat (i. e., there was no observed 
galvanometer deflection). 

The next experiments were comparisons of the energy radiated 


1Smithsonian Miscel. Collections, no. 1258. 
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by the firefly and by a flame. A “nearly non-luminous Bunsen 
flame,’”’ much fainter than the insect, was compared with the latter. 
The total radiation from the insect gave one-fourth of a division 
deflection, the flame 177.5 divisions. The interposition of glass 
cut down the flame radiation to 14.5 divisions, still very much 
greater than the total radiation from the insect, for a smaller quan- 
tity of light. Subsequently measurable indications of insect 
radiation through the glass (shorter than 34) were obtained, and 
those showed that ‘‘flames whose intrinsic brilliancy is nearly com- 
parable to that of a point below the middle of the candle flame, 
and whose total brilliancy is as exactly as possible comparable 
to that of the insect, give several hundred times the heat of the 
latter, even if we consider only that quality of heat which is found 
above 3u.”’ 

The point to which our particular attention should be directed 
here is this: In every case where the insect radiation above 3u 
was allowed to fall upon the bolometer, not only the infra-red but 
also the visible radiation was acting. Hence, when the very small 
deflections were observed, the question was left entirely open as 
to whether they came from the visible radiation, or from some 
radiation between the limit of the visible spectrum (about .75,) 
and 3u. The comparison with an equally luminous flame did not 
settle this question, for similar results would follow were there, 
for instance, a second emission band in the insect spectrum of equal 
strength between .75u and 3u. Data are lacking as to the exact 
energy distribution in this “‘nearly non-luminous flame,”’ but it is 
quite safe to say that the energy in the infra-red region was so very 
much more than in the visible that the roughly qualitative measure 
of ‘several hundred times’’ would have applied equally well had 
there been firefly radiation of equal quantity to the visible, but 
lying between .754 and 3u. In other words, the test which was 
lacking was a measurement of the energy in the radiation from 3u 
down, with and without a screen opaque to the visible radiation, 
Had there been marked deflection with the total radiation, meas- 
urable deflection with that from 3u down, and none with the visible 
and that greater than 3yu eliminated, then the restriction of the 
radiation to the visible region and to body heat would have been 
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established. It should be noted that Langley did not specifically 
state the latter to be the case, his emphasis being laid more on the 
smallness of the heat radiation as compared with ordinary illumi- 
nants. In the diagram representing the firefly’s radiation however, 
it is given as entirely in the visible region. 

The firefly’s actual efficiency as a light source is dependent to 
a large degree on the radiation being confined to the visible region. 
If there should be found infra-red of quantity comparable with 
the visible, the firefly, while still a very efficient source, would not 
be, as usually supposed, the example of an ideally efficient light 
produced by nature. 

The chief interest in the study of the firefly lies perhaps in the 
possibility of producing light artificially by a similar process. The 
exact character of this light is therefore a matter of importance. 
It is important for us to know whether nature has produced merely 
a very efficient light or has produced the most efficient light possible. 
In the latter case we might conclude with some reason that a process 
of selection has been gone through and so that it is not beyond 
the realms of possibility that we may discover similar means of 
producing light, not so efficient, but more suitable to our use by 
virtue of the more pleasing color of the light obtained. 

At the beginning of the present firefly season the writer did not 
have available facilities for repeating the very delicate bolometric 
work of Langley; therefore some other means of continuing the 
investigation was sought. In view of the extreme difficulty of 
making radiometric observations on the faint and intermittent 
light of the firefly, by far the best method for continuing the in- 
vestigation of its radiation would be a photographic one, were 
such available. But the best color-sensitive plates at present 
known are sensitive only as far as the deep red. Another method 
which has been employed in the study of the infra-red spectrum 
occurred to the writer as a possible means of carrying the study 
of the firefly spectrum through part of the region between the visible 
and the body radiation. This is the phosphor-photographic 
method, employed by Draper, Lommel, Dahms and others. In 
brief, it consists of this: Phosphorescence, which is excited in various 
substance by exposure to short waves (blue, violet or ultra-violet), 
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is destroyed by exposure to longer waves (orange, red, infra-red). 
Thus, a surface of Balmain’s paint or of Sidot blende, excited to 
phosphorescence and then exposed in a spectrograph, will have 
areas of reduced brightness wherever long wave energy has fallen 
upon it. If this surface is then laid on a photographic plate for a 
short period a permanent record is obtained on the plate after 
development. 

In order to test the applicability of this method to the light of 
the firefly certain information had to be obtained as follows: 

1. What phosphorescent substance combines the longest duration 
of phosphorescence with the greatest susceptibility to the extin- 
guishing action of long waves? 

2. What quantity of energy is necessary to produce extinction? 

3. What is the spectral extent of this extinguishing action? 

4. What is the relative response to extinguishing action in differ- 
ent parts of the spectrum? 

5. What is the period after excitation during which extinction 
of phosphorescence is produced? 

6. Is the extinguishing action integrative, 7. e., are a large number 
of short exposures (such as the flashes of the firefly) equivalent to 
a continuous exposure of the same total length? 

The first question was answered by the choice of Sidot blende, 
phosphorescent zinc sulphide. This substance continues to glow 
sufficiently for photography for many hours after excitation, and 
exhibits the property of extinction by infra-red more strongly 
probably than any other known substance. A small quantity, 
prepared by Verneuil, was secured from Eimer and Amend and used 
throughout the investigation. 

As to the quantity of energy necessary to produce the extinguish- 
ing action, no exact quantitative measurement was made. Such 
a measurement would have had no value without a knowledge of 
the quantity of energy radiated from the firefly. If, for instance, 
it were known that a ergs per second were radiated in the visible 
spectrum by the firefly, the problem would be to search for radi- 
ation of the same order of magnitude in the infra-red, and therefore 
a method to be applicable should be capable of detecting this 
quantity of energy. The visible radiation from the firefly being of 
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unknown quantity, this line of attack was not seriously considered. 
An idea of the high sensitiveness of the method was obtained from 
the rough observation that the light of an incandescent lamp through 
a ruby glass (absorbing the short waves which excite phosphores- 
cence) at 10 cm. distance, sufficed to cause noticeable reduction 
of phosphorescence in a second. 

The property of Sidot blende which made it suitable for this 
search for infra-red was learned upon the study of the spectral 
region in which extinction occurs. This region is not only in the 
infra-red but also in the visible, as far as the green. It follows then 
that the visible radiation of the insect should also extinguish phos- 
phorescence. It was therefore thought that the test for the ap- 
plicability of the method would be to determine whether the visible 
radiation of the firefly would cause reduction of phosphorescence. 
If so, then, provided the sensibility to extinction were of the same 
order of magnitude in the infra-red as in the visible, the method 
would be applicable. This led to investigation of questions 3 and 4. 

The response to long-wave excitation has been found by Dahms 
and by Nichols and Merritt to extend from the green of the visible 
spectrum to I.5u. Part of the region in which we are interested 
would therefore be capable of investigation. 

As to the relative response to extinguishing action in different 
parts of the spectrum, no suitable data were available. What 
is here required is the relative action at different wave-lengths for 
the same quantity of energy. The only quantitative determination 
of extinguishing action is that of Nichols and Merritt.! Using 
a Nernst glower as source, they took as a measure of extinguishing 
action the reciprocals of the relative times of decay of phosphor- 
escence to a certain value with and without exposure to infra-red. 
Their measurements indicate a maximum of action in the infra- 
red of 1.3u, with very slight action in the visible region and a mini- 
mum in the neighborhood of tu. As however the energy radiated 
by the Nernst glower is far greater in the infra-red than in the 
visible, the maximum of reducing action may be expected to lie 
to the shorter wave-length side of 1.34 for an equal energy spectrum. 
In the absence of other data and of facilities for making a direct 

1Puys. REv., Vol. 25, p. 380. 
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determination, it was decided to use the data of Nichols and Merritt, 
making a reduction to a normal spectrum from a knowledge of 
the energy distribution of the Nernst glower. The latter was 
obtained from a curve by Coblentz! which is for a glower near 
normal consumption, as the one used by Nichols and Merritt 
presumably was. A further correction was then made for the 
dispersion of the quartz prism which was used to-form the spectrum 
of the Nernst. This was cal- 

culated from data given by LA 
Kayser.?. The original curves 


(two different days) as. given pan 
by Nichols and Merritt, and 
the reduced curves are given a] 


in Fig. 1 plotted to equality 


at .7u. No great accuracy can . 
be claimed for the final curve, F4 
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because of the indirect method \ 


of obtaining it. It shows how- 


ever that the impression ob- 1 < 


tained from the original cur- mi a 


ves that the chief action is in 
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the infra-red is apparently 


wrong, the real maximum of ac- 

Extinguishing action of infra-red on the 
phosphorescence of sidot blende. I. Values 
The amount of action in the obtained by Nichols and Merritt; I. Same 
infra-red as far as 1.54 appears corrected for energy distribution of Nernst 
glower; III. Further correction for pris- 
matic dispersion. 


tion lying at .7u in the visible. 


however to be everywhere at 
least of the same order of mag- 
nitude as the action at .57u4, the wave-length of the visible firefly 
radiation. If, therefore, reducing action could be obtained by the 
visible radiation, it would show that the method is available for 
detecting infra-red radiation down to I.5u. 

Use of this data of Nichols and Merritt carries with it the assump- 
tion that their means of measuring sensibility to reducing action— 
by time of decay to a given value—is equivalent to a method 


1Bulletin of Bureau of Standards, 4, p. 543. 
?Handbuch der Spectroscopie, Vol. 4, p. 486. 
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measuring by quantities of energy. In other word, a small quantity 
of energy acting over a long period is equivalent to a large quantity 
over a short period. This assumption, which holds approximately 
for the photographic plate, was tested with a Sidot blende surface, by 
exposures of two, four and eight minutes in a quartz spectograph 
in which the slit openings for each exposure were inversely as the 
time of exposure. - As nearly as could be judged, the photographed 
phosphorescence showed equal reducing action in all exposures. 
The use of the data as reduced appears therefore to be justified. 

There is of course involved as well in using this data the assump- 
tion that the Sidot blendes used by Nichols and Merritt and in 
the present investigation are identical in their properties. This 
can be considered as probable, but could only be established by 
repeating their investigation. 

The next question to be answered was the length of the period 
after excitation during which extinction of phosphorescence is 
produced. To test this a series of four holes was made in a metal 
plate, each hole covered with a photographic absorption screen of 
different density. A surface of Sidot blende, immediately after 
excitation by the light of a quartz mercury arc, was exposed for 
one minute through this plate to the radiation from an incandes- 
cent lamp with a ruby bulb at a distance of 25 cm. At intervals of 
one hour thereafter similar exposures were made on successively 
adjacent portions of the surface. After five such exposures the 
Sidot blende was left for an hour and then a photographic plate 
exposed upon it for two hours. This plate showed clearly that 
when the photographic exposure is made as long after excitation 
as six hours the extinguishing action due to infra-red exposure 
immediately after excitation is much less than that due to exposure 
after one hour, that the action is nearly uniform for about three 
hours, and that after three hours the effect again decreases. This 
was confirmed by further experiments. In order therefore to take 
the best advantage of the method, the Sidot blende should be ex- 
cited some time before the exposure to infra-red, and the exposure 
to firefly light should not be continued (to advantage) longer than 
three hours. 

The final question to be considered before actual work with fire- 
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flies was whether the phosphorescent Sidot blende acted toward a 
feeble and intermittent illumination as.a photographic plate does; 
that is, will the action of the separate flashes be added? This is a 
question to be answered only by experiment, for it might well 
happen that a certain quantity of energy is necessary to start the 
extinguishing action, any quantity less than this having no effect. 
An artificial firefly was therefore constructed—a disc which could 
be rotated by a motor, the disc having a small opening near its 
circumference. A quartz spectrograph was set up and the slit 
and (incandescent lamp) light source adjusted to give by visual 
estimate about the intrinsic brightness of the firefly in the yellow. 
An exposure of two minutes was found sufficient to produce a 
reversed spectrum. The opening in the disc was then made 4° 
so that the exposure would be for one-ninetieth of the total time. 
Three hours of intermittent exposure through this disc would thus 
give a total exposure of two minutes. Such an exposure was therefore 
made, and on the same surface a continuous exposure of two minutes 
at the middle of the three-hour period. The resultant photograph 
showed as much action by the intermittent exposure as by the con- 
tinuous one of the same total length, possibly more. 

The result of these preliminary experiments was, therefore, to 
show the applicability of the method of phosphor-photography in 
detecting any firefly radiation down to 1.5u, provided the visible 
radiation was strong enough to effect reversal. The method appears 
to be as suitable for firefly investigation in the infra-red as is the 
photographic method in the visible, granting that the conclusions 
hold which have been drawn as to relative sensibility to radiation 
of different wave-lengths. 

The method having been tested, arrangements were made to 
try it on fireflies. This work had of necessity to be carried on in a 
more southern latitude that that of Cleveland, where the writer 
is situated, and where fireflies are small and scarce. The Physical 
Laboratory of the Johns Hopkins University was kindly placed 
at his disposal, and he spent several days there. 

The first experiment consisted in exposing the phosphorescent 
surface (one-half hour after excitation) to the total light of the 
firefly. Two metal plates with 6 mm. diameter holes in their 
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centers were laid one over the other with a sheet of glass 1 mm. thick 
between. The lower plate was separated by a fraction of a milli- 
meter from the Sidot blende. 

An exposure of 20 minutes to the flashes of a single firefly was 
sufficient to produce observable reduction of phosphorescence. 
Exposure was discontinued after half an hour and a photograph 
was taken (Cramer Inst. Iso. plate) which showed with great 
clearness the reduction of the exposed area. This proved that 
sufficient energy was radiated by the firefly to render the method 
applicable. The time of exposure which sufficed showed too that 
the period of response to extinguishing action, about three hours, 
should be enough to detect a fractional part of the energy which 
produced the observed radiation. 

The next experiment was to determine the location of this energy 
in the spectrum. A deep ruby glass, nearly opaque to the visible 
radiation but very transparent in infra-red, was substituted for the 
piece of clear glass. If the reduction of phosphorescence was caused 
chiefly or wholly by the visible radiation then there should be little 
or no reducing effect with the red glass. If on the contrary there 
is infra-red energy and if this is comparable in quantity to the visible 
radiation, reduction should occur even with the red glass. 

Trial showed that an exposure of three hours and a half to firefly 
light through the red glass had no reducing effect that could be 
detected. Therefore it follows at once that there is no infra-red 
energy between 1.54 and .75u in quantity comparable with the visible 
radiation. 

The visible and infra-red regions as far as 1.54 having been 
covered by photography and phosphor-photography, attention 
was turned to anocher region of the spectrum, namely, the ultra- 
violet. The spectrogram obtained a year ago extended as far as 
.38u and the shorter wave-length region was not investigated. 
Since then, however, R. W. Forsyth! reports finding ultra-violet 
radiation from luminescent bacteria, formerly considered as giving 
monochromatic green radiation. In view of this observation a 
search for short-wave energy in the radiation of the firefly seemed 
necessary. 

Nature, 83, p. 7, 1910. 
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A small Fuess quartz spectograph was employed, with Cramer 
spectrum plates. The dispersion in this instrument is such that 
the spectrum from .6yu to .2u is about 4 cm. long, and with a quartz 
mercury arc photographic action is obtained as far as .216u. With 
a wide slit an exposure of an hour was made to firefly light. The 
resultant negative showed strong action at .57u, but no trace of 
action elsewhere. There is then no ultra-violet radiation of mag- 
nitude comparable with the visible. 

These experiments therefore cover the spectrum from the extreme 
ultra-violet to the infra-red at 1.54. Between this point and the 
region opaque to glass lies an interval of 1.54, in which there may be 
radiated energy. It has been surmised that the outer skin of the 
insect is opaque to radiation of wave-length greater than 2y and 
perhaps with the water contained to 1.54. Were this true it would 
follow that as far as the energy radiated from the insect is concerned 
the present investigation is sufficient to establish its restriction 
to the visible region and to “‘body heat.”’ It was thought of interest 
to investigate the transmission of the abdominal horny skin of the 
firefly, and for this purpose a small piece of skin, about IX3 mm. 
in size, was removed from an insect and laid upon a glass micro- 
scope slide. To the eye it appeared somewhat cloudy, but quite 
transparent in parts, of a pale yellow color by transmission. This 
was first investigated by the phosphor-photographic method, with a 
quartz spectrograph and found to be free from absorption bands, 
or noticeable difference in absorption as far as 1.5u. Investigation 
was then continued with a bolometer. Needless to say, the bolo- 
metric sensibility requisite is far less than would be necessary for 
measuring the fireflies’ light. A linear bolometer and mirror 
spectrometer furnished with a fluorite prism were available. With 
the assistance of Dr. C. F. Lorenz, the energy distribution from 
a Nernst glower, bare, the same through a piece of glass micro- 
scope slide, and finally the energy as transmitted by the piece of 
skin, mounted on the glass slide, were measured. The ratio of 
the last to the second set of values so obtained gave the transmission 
of the firefly’s skin. Measurements were made both with the skin 
dry and with it wet. It proved in its natural thickness not to be 
opaque for waves longer than 1.54. On the contrary, the trans- 
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mission showed a gradual increase from the visible region to beyond 
3u, being for this piece about half as much again in the extreme 
infra-red as on the edge of the visible. This shows that there yet 
remains to be investigated the region from 1.5u to 3 yu. 

At the conclusion of these experiments on the nature of firefly 
radiation, some experiments were made with a view to learning 
a little more about the process of light emission involved. Although 
these results were practically negative, they may be of some interest 
because they were carried out to test a different theory of the firefly 
light than those usually held. 

The firefly radiation is commonly supposed to be produced by 
some chemical process, probably a slow oxidation, this process 
being largely under the control of the insect. On the other hand, 
true phosphorescent substances derive their light from some external 
source; they store up the energy, to reémit after excitation has 
ceased. In view of the large amount of incident radiation and the 
small amount emitted, this process is probably very inefficient. 

Some time ago in making experiments on the effect of heat on 
phosphorescent substances, the writer was struck with the similarity 
of the flash given out by heated Sidot blende to the flash of the firefly. 
If for example a small pile of Sidot blende is laid on a thin metal 
plate, excited, and allowed to decay to a dull glow, application of a 
Bunsen burner to the plate causes a vivid flash of phosphorescent 
light. This may be repeated several times. Might not the light 
of the firefly be true phosphorescence from a phosphorescent sub- 
stance of slow decay, whose emission of light is stimulated by heat 
or oxygen, as is true of certain phosphorescent substances? In this 
case the emitted light would be stored-up solar energy absorbed 
during the day, and the process of light production would not neces- 
sarily be efficient at all. 

It is true that this theory would call for a powerfully phosphor- 
escent material, capable of storing up probably a larger quantity 
of energy than any known. Certain peculiarities of fireflies seemed 
nevertheless to fit in with this idea; such as the fact that they are 
most active shortly after sunset and that later they are apparently 
scarcer and less active. While no great confidence was felt in this 
theory, it was thought worth while to apply several of the charac- 
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teristic tests of phosphorescence to the firefly, such as the influence 
of ultra-violet and infra-red radiation, and confinement in the dark. 
Experiments of this particular kind have, with one exception, not 
previously been made, and might, if not confirming the theory, at 
least add to our knowledge of the firefly’s light. The one exception 
is the influence of heat. Experiments are cited which show an 
increase of light emission in fireflies, glow-worms, and such creatures, 
when warmed. This is similar to the action of heat on true phos- 
phorescence, but is as well what one would expect if heat acts 
merely as an irritant or stimulant. 

As already stated, these experiments were practically negative. 
The only effect on the living insects of exposure to strong light 
(arc, Cooper-Hewitt mercury arc) was to cause them to entirely 
cease to glow for a few minutes after exposure and return to a dark 
room. Ordinarily, in the dark, there are two small spots which 
emit a dull glow continuously independent of the characteristic 
flashing. Exposure to strong light extinguished these, as well as 
causing the flashes to cease. After a short interval of waiting and 
upon vigorous shaking the insects again glowed and flashed. Their 
response to light would therefore indicate control and apparent 
appreciation on their part that their own light is unnecessary 
under these circumstances. Ultra-violet (from an iron arc) and 
infra-red radiation (carbon are and ruby glass) produced no visible 
effect on the living insects. 

Two batches of insects were placed in glass vessels, furnished 
with moist grass and leaves and covered with wire screen. One 
vessel was kept in a dark room for twenty-four hours, the other kept 
in a light room where sunlight fell upon it during the afternoon. 
In the evening both lots were examined. There appeared to be 
no difference in their behavior. Both were less active than freshly 
caught insects, but the ones confined in darkness responded to 
shaking quite as well as the ones which had enjoyed the daylight. 
There was, therefore, no indication that previous exposure to light 
is necessary to enable the firefly to emit light. 

Finally some of the abdominal material was spread on a glass 
and different parts of it exposed to the light of a bare carbon arc, 
to the arc light through a deep red glass and through a cyan blue 
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glass. Long exposure failed to show the slighest effect. Appar- 
ently, therefore, the only effect on the luminescent material of ex- 
posure to light is to be found in the living insects. In these the 
light is discontinued by some voluntary process or nervous reflex. 

The results of this further study of the firefly may be here sum- 
marized: The spectrum of the firefly radiation has been studied 
from the ultra-violet at .2u4 to the infra-red at 1.5u. Photography 
was employed for the ultra-violet and visible regions, the extinction 
of phosphorescence for the infra-red. The only radiation found is 
the band at .57u previously investigated. Apparently none of the 
same order of magnitude exists elsewhere in the region studied. 
The abdominal skin of the insect being here shown to be trans- 
parent certainly as far as 3u, there remains for investigation the 
interval from 1.54 to 3u, if we agree to call all beyond 3u “body 
heat.”” That all beyond 3u is merely low temperature radiation 
still of course lacks experimental proof. The light of the firefly 
has been investigated for the properties of true phosphorescence, 
and found to respond to none of the characteristic tests, such as 
dependence upon previous exposure to light or extinction by long 
waves. The light appears to be under the control of the insect. 

In conclusion it may be remarked that obviously the most satis- 
factory method of studying the whole region between body heat 
and visible radiation would be by a method sensitive to the whole 
interval. Probably more sensitive bolometers than that of Langley 
may now be constructed, and the measurements in question made. 
The opportunity, however, presented itself to try out the phosphor- 
photographic method as a means of detecting very faint radiation. 
It has proved well suited to that purpose, and, possessing the 
valuable integrating property of the photographic plate, is perhaps 
better adapted, within its range of sensitiveness, to detecting faint 
radiation than any radiometric method. More confidence may be 
felt in its failure to give evidence of infra-red radiation than in the 
failure of the bolometer of Langley, since the latter was practically 
incapable of detecting the visible radiation to which the phosphor- 
photographic method is sensitive to nearly the same degree as to 
infra-red. 

The results of the present investigation may be said to render 
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still more probable the belief that the firefly produces only visible 
radiation, of high efficiency. There is no evidence that the light 
is due to anything other than a true production of light by some 
bio-chemical process, which, as Langley remarks, “‘we know nothing 
to prevent our successfully imitating.” 


PHYSICAL LABORATORY OF THE NATIONAL ELECTRIC LAMP ASSOCIATION, 
CLEVELAND, OHIO. 
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THE DISCHARGE OF ELECTRICITY THROUGH 
GASES AT VARIOUS TEMPERATURES. 


By R. F. EARHART. 


N a previous paper,! some simple experiments were described 
wherein it was sought to determine the potentials required to 
produce and to maintain a luminous discharge through the air and 
other gases at different temperatures. The investigation referred 
to was limited to a temperature range lying between — 78° and 

It did not seem desirable to extend the temperature range without 
eliminating some of the objectionable features inherent in the form 
of apparatus used at that time. In the previous experiment the 
electrodes consisted of flat parallel disks contained in a chamber of 
limited dimensions but with no insulation which would prevent 
discharge occurring from the edges of the disks. 

If a form of discharge chamber shown in Fig. 1 be used, after 
the pressure is reduced to a particular value, the discharge will 

not pass through the shortest 


— =o og | distance between the plates, but 

L will take a longer path by strik- 
Fic i ing back along the lead wires. 

This is illustrated by the lec- 

i ture experiment known as the 

FARTH Hittorf tube. Moreover obser- 

Fig: 1. vation of the luminous discharge 


shows that if the field is not 
uniform, the appearance of the discharge changes perceptibly with 
variation in pressure. In many cases the discharge is confined to 
the region between the disks. However, if discharge occurs from 
the edges of the disks it is not possible to state what quantity of 
gas functions in the discharge. 


IiPuys. REv., Sept., 1909, p. 293. 
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After trying several forms of apparatus, the simplest one was 
adopted and is represented in Fig. 2. The container for the gas 
and connection with the pump and gauge consisted of hard glass, 
through which platinum wires were sealed. This was a section of 
bomb tube 18 mm. internal diameter and 12 cm. in length. The 
electrodes were of copper faced with a heavy platinum plate. 
These were held in place by an insulator S which served to 
insulate the edges of the electrodes and confine the discharge to a 
known volume of gas. Equalization of pressure was secured by 


NS Fic 2 
B Tokarth 
To Pump 


piercing the insulator with a tiny hole. The discharge chamber 
within this insulating support was 5 mm. long and 10 mm. in 
diameter. 

This support for the electrodes was turned from a block of soap- 
stone secured from Messrs. Hammell and Gillespie of New York. 
This grade of soap-stone possesses qualities which make it especially 
desirable in a physical laboratory. In its natural state it tools 
beautifully, making it a simple matter to secure a special insulator 
of any desired form. Upon baking at a temperature of 1000° or 
thereabouts, its physical character changes. It becomes exceed- 
ingly hard, so that it is difficult to cut either with a file or an emery 
wheel. It possesses excellent insulating properties and so far as 
could be determined with a McLeod gauge, does not occlude any 
large quantity of gas when used at lower temperatures. The par- 
ticular advantage, however, of this grade of stone over the common 
variety is its freedom from cracking and disintegration at high 
temperatures. 

The electrical arrangement used for determining the potential 
required to produce the luminous discharge is very simple and 
is shown in Fig. 1. 


Fig. 2. ; 
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A storage battery consisting of 600 cells has one terminal 
grounded. The other terminal is carried to one of the electrodes 
in the discharge chamber D through a liquid resistance L. The 
other electrode of the discharge chamber is earthed. A Weston 
voltmeter with a suitable multiplier V is placed in parallel with 
the discharge chamber. By decreasing the resistance in L, the 
potential registered by the voltmeter rises until a discharge occurs 
through D. This discharge is accompanied by a violent kick of 
the voltmeter needle. Upon decreasing the potential until the 
discharge ceases the cessation of the discharge is again indicated 
by the voltmeter. 

The discharge tube and container were placed in an electric fur- 
nace which consisted of a porous battery jar wound with nickel 
wire. The whole was imbedded in a large box of loose magnesium 
packing. 

The temperature was measured by means of a Pt. Pt-Rh thermo- 
couple 7. The temperature thus determined is merely the tem- 
perature of the air-bath surrounding the discharge chamber. After 
the thermo-couple showed constancy for a half hour, it was assumed 
that the temperature within the furnace had become uniform. Fre- 
quently the temperature as shown by the thermo-couple was main- 
tained constant for several hours. However a half-hour period 
and a 24-hour period of constancy gave fully consistent results. 

With this form of apparatus it was possible to assume that the 
volume of the gas through which the discharge passed was limited 
to the volume of gas contained between the electrodes. Changes 
in the volume of the receptacle due to temperature changes fall 
within the limits of accuracy of the potential measurements. The 
volume of gas functioning during discharge being constant, it is 
possible then by measuring pressures and temperatures to determine 
the mass of gas operated upon under varying conditions of tempera- 
ture and pressure. 

The results obtained for air are represented graphically in Fig. 3. 
These apply to the potentials required to produce the luminous 
condition. It may be noted that the minimum potential required 
at the temperatures from 22° to 560° differ but slightly from one 
another. The potentials required to maintain luminosity in the 
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region of the critical pressure for all of these temperatures is approxi- 
mately 345 volts, differing not more than 5 volts from this and 
seemingly independent of the temperature throughout this range. 
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It was noted that for pressures less than the critical pressure 
the potentials for maintaining discharge increased when the pres- 
sures became so small as to require potentials larger than the 
minimum for the production of the discharge. 
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Fig. 4. 


In Fig. 4 a typical pair of curves is shown, the upper curve 
indicating the potential required to produce luminosity, the lower 
curve the one required to maintain luminosity. The curve repre- 


| 
4 bet | | | 
| 


656 R. F. EARHART. (VoL. XXXI. 


senting the potential required to maintain luminosity falls in the 
same place, viz., 345 volts for the region corresponding to the critical 
pressure and for temperature variations from 22° to 560°. This 
potential agrees approximately with what is known as the minimum 
spark potential in air as given by a number of observers. If this 
is the interpretation it would seem that the minimum spark potential 
was unaffected throughout this range. 

Measurements were made for a temperature of 630° in air, the 
readings for the higher pressures falling where they were to be 
expected. However when the pressures were decreased to such 
values that one would anticipate the necessity of higher potentials 
to produce the discharge, no such change occurred, the graph repre- 
senting such readings running parallel to the X axis. A study of 
this showed that a condition of temperature and pressure had been 
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attained such that the discharge flashed outside the insulator, de- 
creasing pressures merely changing the alternative path. This was 
found to be the case when the alternative path was about 3 cm. 
in length. 

The same phenomenon occurred in the neighborhood of 430° for 
hydrogen. This was obviated for hydrogen by making the pro- 
tecting hood 8 cm. in length and the readings for 460° obtained. 
This length did not prove effective for air above 600°. Figs. 5 and 
6 represent the results secured for hydrogen and CQ,. 
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No stress is laid upon the purity of the gases. Hydrogen was 
prepared in a Kipp apparatus using C.P. platinitized zinc and H.SO,. 
It was afterwards passed through potassium permanganate and 
pyrogallic acid and a drier of phosphor pentoxide. It was deemed 
desirable to allow the gases to remain for some time in the heated 
tube before taking observations. With the insulator at times red 
hot and the electrodes in a similar condition, it would not be sur- 
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prising if foreign gases were occluded which would perceptibly affect 
the electrical properties of the gases. It was only possible to admit 
reasonably pure gases and proceed under the working conditions. 
In general, the curves for hydrogen show consistent values for each 
separate curve. There is, however, a possible lack of consistency 
in their agreement one with the other. 

In Fig. 7 the readings represented in Fig. 4 are all reduced to 
show the relation between the mass of gas between the electrode 
and the potential required to produce the discharge through this 
gas. The volume of the gas through which the discharge passes 
being constant, the mass will vary directly as the pressure and 
inversely as the absolute temperature. 

According to Paschen’s law these values should fall on a line 
since the potential required for a discharge varies with the mass of 
the gas. The agreement between theory and the experimental 
results is indicated in the graph. The scale chosen is one which will 
tend to bring out discrepancies rather than for the purpose of pro- 
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ducing a smooth curve. Save in the portion of the curve where the 
gradient is very steep there are few deviations which exceed 15 
volts from the mean. In the portion of the curve where the gradient 
is steep very small errors in the pressure measurement will produce 
great changes in the potential readings. 
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In Fig. 8 the results for CO, are reduced to the same basis. The 
agreement here is not so satisfactory. However the general trend 
of the values is similar to that indicated for air. 
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The values for hydrogen show the same characteristics; the agree- 
ment of values is not so satisfactory. In my opinion this is due 
to the introduction of impurities. The electrical properties of hy- 
drogen seem to be greatly affected by traces of air or other gases. 
It was not possible to obtain measurements above 600° with this 
form of apparatus. This is due in part to the discharges striking 
around the protecting hood of the insulator, and in part due to 
the fact that the glass container softens at the higher temperatures 
and collapses in the softened condition. 

It seemed possible to make some observations at still higher 
temperatures with a slightly different form of apparatus in order 
to determine whether potentials smaller than the ones discussed 
hitherto would ionize the gas. 


To£arrh 


The form of apparatus used is indicated in Fig. 9. The furnace 
consisted of a large porcelain tube, F, 25 inches long and 1 inch in 
diameter. The middle portion of this was wound with nickel wire 
and imbedded in magnesium packing. The ends were allowed to 
project from the packing. A tube 36 inches long and one-fourth 
inch internal diameter, D, was introduced into the furnace tube. 
This contained two cylinders of Pt rounded at the ends, 24 mm. long 
and 4 mm. in diameter separated I cm. 

Connection with these electrodes was made wth heavy Pt wires. 
In one series of experiments a quartz tube was used but did not 
prove satisfactory. This was perhaps due to the fact that the 
Opaque quartz was used. This has the appearance of being drawn, 
the walls consisting of an immense number of capillary tubes with 
their axes in general parallel to the axis of the tube. In that case 
there is probably some communication between the tubes. Whether 
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or not the tube selected was faulty in construction, or this is common 
to the opaque quartz, it was impossible to maintain a constant 
pressure. A slow leak was invariably present. A tube of the Royal 
Berlin porcelain glazed inside and outside proved satisfactory. 
Spaced along the Pt lead wire, small porcelain insulators were 
placed. These were for the purpose of reducing convection currents. 
The tube in which the discharge occurred was placed symmetrically 
in the furnace tube with the thermo-couple 7 near the electrodes. 
The furnace tube was then plugged with asbestos fiber P. The 
lead wires were brought out through brass caps; the caps being 
sealed at the joints K with Khotinski cement. The projecting 
ends of the porcelain and the large surface of the brass caps per- 
mitted a sufficient air cooling to render this cement effective in 
maintaining a tight joint 

One end of the tube was connected with the pump and gauge 
as in the previous experiment. In this case it is not possible to 
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compare the quantities of gas which function when the discharge 
occurs under varying conditions. The least distance between the 
electrodes may constitute the path of the discharge but the alter- 
native path may vary through wide limits. However it is not 
unreasonable to suppose that starting with high pressures the dis- 
charge takes the shortest discharge between the electrodes and with 
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decreasing pressure the discharge will continue in this manner until 
a critical pressure is reached when the .discharge will strike back 
along the electrodes. When this condition is reached, decreasing 
the pressures will merely cause the path to change, the potential 
showing no variations. It was hoped that in this way some data 
might be obtained on the effect of temperature on the minimum of 
potentials. The results obtained are indicated in Fig. 10. 

The values for the minimum potential at 660° are practically 
the same as for the range between 22° and 560°. The ones for 850° 
differ only 6 volts from this. The values for 1000° lie at 355 volts. 
The curve representing this latter case begins to rise at a pressure 
of 5 cm. but is not shown on the plate. The upward trend of the 
curves occurring at low pressures has no quantitative significance. 
It shows merely that the reduced pressures were effective in ele- 
vating the discharge potential. 

At 660° and 850° the potentials required to maintain luminosity 
were similar to those secured for the lower temperatures. 

At 1000° it had fallen to 332 volts. The variations at 1000° 
from those at lower temperatures are not large. 


SUMMARY. 

The general conclusions may be stated briefly. 

1. Potentials required to produce luminous discharge from 22° 
to 600° depend merely on the mass of gas between the electrodes. 

2. Potentials required to maintain a discharge in air do not fall 
below 345° until temperature approaching 1000° C. are reached. 

3. The minimum energy required to ionize a gas by collision 
depends to a very slight extent upon the temperature of the gas, 
for temperatures less than 1000°. 


PHYSICAL LABORATORY, 
OHIO STATE UNIVERSITY. 
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ON THE QUESTION OF THE MOTION OF THE ETHER 
IN A STEADY ELECTROMAGNETIC FIELD. 


By S. J. BARNETT. 


F we admit the existence of the ether and the reality of Max- 
well’s stresses, the ether within an element of volume dv of 
an electromagnetic field devoid of matter will be acted upon by a 


force 
I 


dF = a sdv ’ 
where s denotes the time derivative of the Poynting vector and c 
the velocity of light. Hence, on the above hypothesis, the ether, 
when it becomes the seat of a steady electromagnetic field, must be 
set into persistent motion in the direction of the energy stream. 

An investigation of the possible motion of the ether in the case of 
damped electric waves and some other cases not discussed here was 
made in the Cavendish Laboratory in 1897 by Messrs. Henderson and 
Henry,' but their paper escaped my notice until about a year ago. 
They used a Lodge interferometer, with a short path, and obtained 
no effect, the minimum velocities which they could have detected 
ranging from I1.5 meters/sec. to 200 meters/sec. 

About eight years ago I planned to study this matter experi- 
mentally, with an interferometer, but facilities were not available. 
Within the last year, however, it has been practicable to undertake 
some work upon the subject, and a description of this work, which 
was completed in April, is given below. Although the investiga- 
tion resembles in some respects that of Henderson and Henry, its 
undertaking was deemed advisable in view of the fact that the 
important case considered here was not examined by them, and 
because it was possible with the apparatus described here to attain 
a precision in measuring a possible velocity of the ether from fifty 
to one thousand times that attained by them. 

tw. C. Henderson and J. Henry, Phil. Mag., vol. 44, 1897, p. 20. 
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The electromagnetic field investigated was produced between 
two horizontal parallel copper bars HI, and two similar bars KJ, 
connected at one end by 
copper strips L and M, 
as shown in Fig.1. By 
meansof two double-pole 
double-throw switches, 
not shown in the figure, 


the terminals of a direct- 

current dynamo could be connected to two of the bars near the 
end H, and the terminals of a rheostat to the other two near the 
end K; and the dynamo and rheostat connections could be inter- 
changed by reversing the two switches simultaneously. With this 
arrangement the energy stream could be sent along the bars in 
either direction, HIJK or KJIH, at will. The copper bars were 
0.3 cm. thick, 2.5 cm. wide, and over 2 meters long. The 2.5 cm. 
sides were vertical. The bars of each pair were about 9.5 mm. 
apart, and were blackened on their inner faces. 

The state of motion of the ether in the electromagnetic field was 
investigated by means of an interferometer of the general type 
used by Michelson and Morley and also by Lodge in their ex- 
periments on moving matter. It was similar to the instrument 
used by Lodge! except that a vertical slit was used as the source 
of light, and that the fringes were observed with an eyepiece in 
the manner of Fresnel and not with a telescope. The apparatus 
was arranged as shown in Fig. 1. A was the vertical slit at one end 
of the collimator A B, Ca half-silvered plane plate of glass, D, E, F 
three silvered plane glass mirrors, and G a positive eyepiece with 
vertical spider thread. Light from a 90° carbon arc lamp after 
passing through the collimator was incident in the direction A BC 
upon the plate C. Here it was divided into two parts, one of which 
traversed the course CDEFCG, the other the course CFEDCG, 
between the copper bars. When the proper adjustments were made, 
the two beams overlapped along CG and vertical interference 
fringes appeared in the eyepiece at G. The collimator and eye- 
piece were parts of a Dubosq spectrometer, which was mounted 
upon a pier. The glass plate C was mounted upon the prism 

10, J. Lodge, Roy. Soc. Phil. Trans., A, vol. 184, 1893, p. 727. 
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table in a frame provided with a screw for adjustment in altitude. 
The adjustment in azimuth was made by the tangent screw of the 
prism table. The first adjustment, which had to be made with 
great precision in order to obtain brilliant and clear fringes, was 
made in part by the imperfect screw and then perfected by moving 
small weights about on the prism table. The mirror F was mounted 
on the same pier, and the mirrors D and E were mounted on a 
slate shelf carried by a brick wall. The copper bars were mounted 
on a heavy wooden frame extending from the pier to the shelf. 
The mirrors were all ground by Petitdidier, and were excellent. 
The total length of the electromagnetic field traversed by each 
beam of light was about 425 cm. The presence of air in the field 
was of course a matter of no consequence. 

If the velocity of the ether is denoted by u and the length of the 
path of light in the electromagnetic field by /, the retardation of 
one of the beams over the other is approximately 


In the experiments described here a piece of green glass was placed 
in front of the slit, and it was estimated that a lateral motion of a 
dark band through a distance as great as 1/50 or 1/60 the distance 
between the centers of two adjacent dark bands would have been 
detected. Moreover, observations were made on reversing the 
direction of the energy stream. Hence, the wave-length of the light 
used being taken as 5X10— cm. and its period therefore 5/3 x 10—® 
sec., we have, to determine the smallest velocity u which would 
have been detected, the equation 

3 9 X 107 
which gives 

u = 18 cm./sec. 

In the first experiments currents between 40 and 50 amperes were 
used; and in the later ones currents between 80 and 100 amperes. 
The potential difference between the copper bars in the first case was 
about 105 volts, and in the second about 90 volts. The electric in- 
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tensity E in the two cases was thus about 110 volts/cm. and 100 
volts/em. The magnetic intensity H of the field was determined 
with a test coil and ballistic galvanometer. It was about 7.5 gausses 
for a current of 40 amperes, and 15 gausses for a current of 80 
amperes. In neither case was a lateral shift observed on reversal. 
Hence it must be inferred that the ether did not move along the 
energy stream with a velocity as great as about 1/5 meter/sec. 

In a recent paper, an abstract of which reached me while this in- 
vestigation was in progress, E. Cunningham! has come to the con- 
clusion that if electromagnetic momentum can be regarded as ether * 
momentum, the ether, in the case considered here, must have a 
velocity which satisfies the equation 


This equation, in which E and H are expressed in the Gaussian 
system, has the solutions 


E 
and u=c E 

In the experiments described here, E was about 4 electrostatic unit 
and H about 17 electromagnetic units when the current was about 
g0 amperes. For this case, therefore, the first of the above solu- 
tions gives the velocity of the ether as about one fiftieth that of 
light, while the second gives a velocity about fifty times that of 
light—both entirely discordant with the results of direct observation. 

This investigation appears therefore to favor decidedly the prin- 
ciple of relativity. 

I am indebted to Mr. Hall for instrumental work on this investiga- 
tion, and to Mrs. Barnett for assistance in making the experiments. 


NEW ORLEANS, IQI0. 
1E. Cunningham, Roy. Soc. Proceedings, Series A, Vol. 83, 1909, p. 109. 


666 B. J. SPENCE. (Vor. XXXI. 


A SENSITIVE THERMOPILE. 
By B. J. SPENCE. 


MONG the various types of thermopiles for use in the study 
of spectral distributions and radiation in general, the Rubens 
thermopile, consisting of junctions of fine iron and constantin wire 
seems to be the most efficient. The line thermopile described by 
Rubens! consisted of twenty junctions of constantin and iron each 
0.5 mm. in width and formed a line of 20 mm. in length. The 
thermo-electromotive force per junction as given by Rubens is 
53X10 volts per degree difference of temperature between the 
hot and cold junctions, thus giving a total of 1.06107 volts per 
degree difference of temperature between the twenty hot and 
twenty cold junctions. The resistance of the thermopile was 3.5 
ohms. 

Rubens using a galvanometer of 2.77 X 10-" amperes, and a 
resistance of 5 ohms would have obtained a deflection of about 0.5 
mm. for a difference of temperature of one millionth of a degree. 
No data were given for the sensibility of the thermopile-galvanom- 
eter combination in terms of a ‘‘candle at a distance of a meter”’ 
from the thermopile. 

Rubens however does not claim for his thermopile an absolute 
sensibility equal to that of the bolometer. It has been the desire 
of the writer to construct a thermopile of an absolute sensibility 
equal to that of the best bolometer of equal area upon which to 
receive radiation, and hence possessing a much higher effective 
sensibility, effective in the sense that a bolometer and thermopile of 
equal absolute sensibility, the thermopile is the more steady. 
The bolometer, while a very efficient instrument in itself possesses 
a very serious drawback and difficulty attending its use, namely 
battery drift and unsteadiness. 

The bolometer and thermopile are alike in that they are ex- 


1Zeitschrift fur Instrumentenkunde, 18, 65. 
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tremely susceptible to minute changes in surrounding temperature 
unless properly encased. The thermopile as a rule possesses a 
difficulty which is foreign to the bolometer. The thermopile does 
not respond so quickly to thermal charges or return to its initial 
zero position as rapidly as does the bolometer, owing to its larger 
thermal capacity. Hence in constructing a thermopile, two things 
must be borne in mind—first it must possess a high sensibility, 
and second it must have a very small thermal capacity. 

In order to attain the first it is necessary to obtain metals or 
alloys which possess high thermo-electromotive forces, and at the 
same time have comparatively low thermal capacity. It is like- 
wise necessary that the metals or alloys be not too brittle, so that it 
becomes an unmanageable task to handle them. 

The writer was referred to the work of Hutchins,! which gives 
a description of alloys of bismuth and tin and bismuth and anti- 
mony. The alloy of bismuth and tin contained approximately 
5 per cent. tin, and the alloy of bismuth and antimony contained 
approximately 3 per cent. antimony. A single pair of junctions 
of these alloys gave a thermo-elctromotive force of 12010~* 
volts per degree difference of temperature over a wide range of 
average temperatures, 7. e., between the hot and cold junctions. 

In order to prepare the alloys for use, they were melted and while 
in a liquid state pressed between two pieces of plate glass. This 
method of preparation gave them a smooth surface and almost any 
thickness desired could thus be obtained. Sheets of these alloys 
were selected which had a thickness of about 0.25 mm. They were 
then cut into bars about 2.5 mm. long and 0.5 mm. wide. The most 
convenient and economical method of procedure was to rule lines 
on the sheets of alloy with a knife, and then by a further use of 
the knife the bars could be readily cut. 

The bars were then mounted on a piece of ivory about 22 mm. 
jong and of slightly less width than the length of the bars of alloy. 
The mounting was so done that the cold junctions came on one 
edge of the ivory piece and the hot junctions on the other edge. 
The bars were insulated from each other by thin paper and shellac, 
the shellac serving a double purpose, namely, as an insulation and 

1Am. Jour. Science, 48, 226. 
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also as an adhesive with which to bind the bars together and also 
to bind them to the ivory piece. As little shellac as possible was 
used owing to the difficulty it gave when the soldering of the junc- 
tions was attempted. 

The ends of the rows of hot and cold junctions were filed with a 
very fine file and the junctions were properly made by means of a 
soft solder consisting of lead, tin and bismuth. The remaining 
flat side of the thermopile was then shellaced and covered with 
ivory of the same dimensions as the first. 

By this means a pile of thirty to forty junctions was obtained 
having a resistance of 3.5 ohms to 5 ohms, according to the number 
of junctions. The pile was then mounted in a circular disc of hard 
rubber, having a thickness of about 1 cm. Copper leads were 
fixed into the disc and fine copper wires from the terminals of the 
pile wire soldered to these leads. The whole was then enclosed 
in a cylindrical water jacket open at the ends. The cylindrical 
jacket contained suitable blends to prevent convection currents, and 
stray radiation from affecting the thermopile. 

For a description of the complete thermopile, one having 37 hot 
junctions will be chosen. It possessed a length of 21 mm. and a 
width of 0.5 mm. The bars were 2.5 mm. long. The thermal 
electromotive force per degree difference of temperature between 
hot and cold junctions for the complete thermopile was 4.410% 
volts, and had a resistance of 5 ohms. This thermopile connected 
to a galvanometer having a resistance of 3 ohms and a sensibility 
of 4X10~" amperes would give, for a difference of temperature of 
one millionth of a degree, a galvanometer deflection of 1.4 mm. as 
compared to a deflection of .4 mm. given by the Rubens thermopile 
with a much more sensitive galvanometer. 

A much more satisfactory way of determining the sensibility 
of the thermopile is to find the sensibility in terms of the ‘‘candle 
at a distance of a meter’’ and perhaps at the same time compare 
the deflection given by the thermopile with that of the bolometer 
of equal area, using the same galvanometer for each. The sensi- 
bility of the galvanometer in this case was 4X10~" amperes. For 
a candle at a distance of 3 meters from the thermopile a deflection 
of 260 mm. was obtained, giving a deflection of 2,340 mm. at a 
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distance of one meter. A bolometer gave a deflection for a candle 
at a distance of a meter of 1100 mm.’ The bolometer had a rock 
salt window to protect it from air currents while the thermopile 
did not possess a window. The comparison in this case is not so 
important for it was evident that the bolometer did not possess 
the sensibility in this test that a good bolometer usually does, 
namely about 2,500 mm. for a deflection from a candle at a meter’s 
distance. Yet it must be borne in mind that no bolometer will give 
a maximum of sensibility with a galvanometer of sensibility of only 
4xX10~-" amperes, yet in the case of the thermopile we have a de- 
flection of 2,340 mm. with this galvanometer for the sensibility 
in terms of the “candle at a meter’s distance.” 

In the above comparison the thermopile was much more steady 
in its action than the bolometer. Both possessed drift due to tem- 
perature changes, but the thermopile lacked the unsteadiness 
peculiar to the bolometer. The thermopile was, on the other hand, 
somewhat sluggish, a feature which the bolometer rarely possesses. 
Yet the sluggishness was not so pronounced as to be annoying. 

In conclusion it may be said that this particular type of thermo- 
pile has overcome the usual objections applied to thermopiles in 
general, namely lack of sensibility and sluggishness. On the other 
hand, it possesses a sensibility superior to the best bolometers and 
lacks the annoying unsteadiness of the bolometer due chiefly to 
batteries. It possesses a slow drift, which likewise is common to 
the bolometer, and is more sluggish than the bolometer. 


PALMER PHYSICAL LABORATORY, 
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SOME CALORIMETRIC APPARATUS. 


By WALTER P. WHITE. 


 Dapiconngrignn developments are often analogous to the 
— progress of organic evolution. New structures and proc- 
esses are derived from those already in use, even where an inde- 
pendent. departure would be more appropriate, and features, once 
adopted, tend to continue long after the original reasons for them 
have ceased to exist. In calorimetry, the simple forms of appa- 
ratus which were suited to the early approximate methods have 
been applied to more exacting work by means of elaborate correc- 
tions and precautions, sometimes extending to the control of the 
observing room for hours previous to the actual observation, yet 
without attaining more than moderate accuracy. Several investi- 
gators have recently introduced new types of apparatus, with 
complete inclosure of the calorimeter, which are not only more 
accurate but on the whole simpler. Further developments and 
devices, largely inspired by this new departure, have issued in 
rapid succession from various laboratories. In two former papers 
of this series' there has been described a system in which definite- 
ness of conditions was carried further by a modification of the 
calorimeter cover, and by attention to evaporation and the errors 
connected with stirring. Considerable simplification of calcu- 
lation and an increase in thermometric accuracy are also secured. 
The present papers deal with the apparatus actually used, and the 
accuracy attained. 

The apparatus was designed, and has been used, for the determi- 
nation of specific heats, especially at high temperatures, by dropping 
bodies from heaters into the calorimeters. 

1. The Two Calorimeters—The two calorimeters are shown in 


iPuys. REV., 31, 545 and 562, 1910. References to these will be by page number 
simply, since they virtually form one article with the present papers. 
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section in Fig. 1. A holds 1.5, B, 3.8, liters. In the case of each 
the form was chosen mainly with reference to satisfactory stirring. 

The type represented by B, with central inner tube, has the 
widest and shortest possible path for the water, and, therefore, pre- 
sumably, the smallest heat production for stirring of given effective- 
ness.! In some respects it would be more satisfactory if symmetri- 
cal, but this would require some kind of gearing to run the stirrer, 
since a shaft coming centrally through the top is usually out of the 


A 
Fig. 1. 


(One sixth actual size.) Calorimeters A and B, vertical section; A’ and B’, hori- 
zontal section. Features: Cover in contact with the water; prevention of evaporation; 
wide passages for water in circulating; absence of dead spaces. W, water level. The 
position of the crucible is shown by the dotted lines. Capacity, A, 1,500 c.c.; B, 3,800 
ce. 


question. The inclined tube avoids this difficulty and gives almost 
all the advantages of the symmetrical form, yet with simple stirring 
arrangements. By inclining the whole calorimeter the circulation 
would become more nearly symmetrical; this arrangement seems 
almost necessary in adapting the type to smaller sizes. The 
propellers are removable. If the partition in A is removable, the 
whole interior is easily reached in cleaning. For the same reason 
the inner tube in B should be supported from the bottom, or made 
removable if possible. 


1Cf. page 576. 
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The stirring of A has been shown! to be satisfactory. When B 
is stirred so as to have lags of about the same value, the heat pro- 
duced is only .6 as much as with A, in spite of the greater size. 
The cooling factor for small temperature differences is .0027 for A, 
.0017 for B. 

The light (17-gram) floating cover, originally used with calo- 
rimeter A, and described three years ago, has been given up for 
reasons stated on page 574. The present cover (70 grams—the 
same one is used for both calorimeters) touches the water, but rests 
on a ground joint. The annular space under the cover permits the 
water to vary somewhat in amount without either overflowing or 
failing to wet the cover; while the weight of the cover prevents it 
from being floated out of place when the water is high. An ap- 
proximate preliminary adjustment of the amount of water is of 
course necessary, and is very easily obtained. Evaporation through 
the (dry) joint is about 7 mg. an hour, which is not likely to produce 
appreciable error unless the extra space in the chamber is very 
small. An oil seal gives very little trouble, and has been used 
where maximum accuracy was desired. A still more satisfactory 
arrangement seems possible. 

2. The Jacket—Complete inclosure of the calorimeter chamber, 
quick opening and closing, and thorough circulation without much 
heating, were the main requirements. In Fig. 2 the jacket is shown 
in section and also in top view, partly open. Water is held up in 
the two halves of the cover, and in the upper section of the chamber 
wall, by atmospheric pressure. On leaving the propeller the water 
divides and passes across through the three upper passages, and 
then returns through the lower space. Its circulation is directed 
by the partitions, P and Q, of which Q runs nearly the whole length 
of the tank outside the chamber, as shown by the dotted line. 
The chamber is opened by moving the covers aside; their down- 
turned ends then move in the troughs left at the ends of the tank. 
The covers slide upon the stout rod T. The pulley for the calorim- 
eter stirrer, and the whole jacket stirrer, are borne on one half 
cover. This half is clamped firmly in place during an observation; 
shoving aside the other fully exposes the calorimeter opening. 

1Cf. page 575. 
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The pulley is connected to the propeller shaft of the calorimeter by 
a small fiber rod. This separable pulley removes from the calorim- 


s 
@/E 
P Calorimeter 
chamber 
= 
Fig. 2A. 


(One sixth actual size.) Calorimeter jacket, giving complete inclosure by a single 
body of water, with free circulation of the water, and readily opened. Vertical 
section (empty). 


2 


| 


Fig. 2B. 


Top view, opened to show the calorimeter (dotted lines) within. 7, rod on which 
the top slides in opening. S, pulley which operates the calorimeter stirrer. %, groove 
for passage of thermoelectric thermometer. W, water level. 


eter the heat produced in the bearing, keeps the condition of the 
bearing constant in spite of temperature changes in the calorimeter, 
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and avoids running a belt into the chamber. Some metal workers 
may find difficulty in soldering the whole apparatus together, but 
this difficulty will disappear if the calorimeter chamber and the 
upper passage next it are made in a separate piece, and then fastened 
in place. The outer wall then becomes a simple rectangular box. 
The partitions are merely to guide the circulation, so tight solder- 
ing is needed only on the covers, the chamber, the upper inclo- 
sure around it, and the outside tank. 

In an earlier jacket! the water entered and left the single cover 
by two downward projecting tubes on the same side, and the cover 
rotated about one of these to open the chamber. The advantages 
of the newer form are the wider and shorter path for the circulating 
water, and the ability to open the chamber freely and at the same 
time have thermometers, stirrers, etc., inserted in the calorimeter 
from above through the stationary part of the cover. The older 
form is preferable where it is desirable to expose the whole calo- 
rimeter quickly. 

3. The Crucible-—A platinum crucible was necessary to hold the 
loose lumps of material generally employed, and was also used, as 
already pointed out,? to eliminate the errors due to all the heat 
losses in transferring from the furnace to the calorimeter. This 
was done by making determinations on the crucible alone, and 
taking for the effect of the substance investigated the difference 
between these results and those when the crucible was loaded. The 
crucible is shown in section in Fig. 3; the bail, of platinum wire, 
is for suspension; the reéntrant tube for the thermoelement fits 
very loosely around the porcelain insulating jacket tube, and so 
drops promptly away from it at the proper time. Some tests 
seemed to show that if the sides of the porcelain jacket were partly 
ground away for 2 cm. from the end, so as to expose the thermo- 
element to direct radiation from the crucible, the thermoelement 


1Represented in simplified form in Amer. Jour. Sci., 28, 337, 1909. 

2Amer. Jour. Sci., 28, 336, 1909. T. W. Richards and F. G. Jackson have since 
laid considerable emphasis on the improvement introduced into calorimetry by this 
method of “‘adiabatic transfer.’’ (Z. fiir physik. Chem., 70, 426, 1909.) The first 
one to use and report it appears to have been N. Stiicker (Sitzber. kais. Akad. Wiss., 
Wien, Math.-nat. Klasse, 114, 658, 1905), who mentions it as a means of eliminating 
radiation losses. 
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lag was diminished, and furnace regulation thus favored, but the 
equilibrium temperature was not altered. 
In the earlier determinations, explosions of steam during cooling 


in the calorimeter blew most 
of the charge out of the cru- 
cible, and in one case pro- 
jected some of it out of the 
calorimeter altogether. 
Although emptying a gran- 
ular charge out into the free 
water circulation shortens 
the time for attaining tem- 
perature equilibrium, and 
may be recommended for 
that purpose, in the present 
case it was thought unde- 
sirable, for the charge needed 
re-weighing, which necessi- 
tated a heating and rather 
tedious cooling. With the 
present locking cover shown 
in the figure, the silicate 
charges only lose from 2 to 6 
mg. at each cooling. More 
determinations can be thus 
made in a day, as a weighing 
once a day is now sufficient, 
for which the cooling may 
be done over night. 

4. The Furnace. — The 
high temperature furnace is 
of the type first used in this 
laboratory,' with internal 
platinum winding. This fea- 
ture not only permits the 
attainment of a higher tem- 
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Fig. 3. 


(One sixth actual size.) Platinum-wound 
furnace, used from 500° to 1500°. P, parti- 
tions to shield against the cooling effect of the 
ends of the furnace; SS, swinging shield; L, 
latch for dropping out the furnace bottom; 
MM, heavy wires for the dropping current. T. 
thermoelement. 


1Day and Allen, Puys. REv., 19, 177, 1904; Day and Clement, Amer. Jour. Sci., 26, 
411, 1908. See also Amer. Jour. Sci., 28, 474, 1909. 
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perature, but at lower temperatures also has the decided advantage, 
not so often noted, of diminishing the lag between coil and chamber, 
and so increasing the quickness and the exactness with which a con- 
stant temperature may be reached and maintained. The furnace 
is 32 cm. high by 20 cm. in diameter; internal cavity, 4.8 cm. 
diameter. 

In transferring the crucible to the calorimeter, the middle of the 
furnace bottom is first dropped away, and then, as soon after as 
possible, the crucible is dropped by an electrical arrangement. 

The furnace (Fig. 3) is mounted on a stout iron plate, 5 mm. 
thick, with a 5 mm. heat-insulating air space between. An opening 
5.5 cm. in diameter is cut through the furnace bottom and plate. 
This is closed by a plug of fire-clay, borne on a movable iron plate 
10cm. square. This is held up against the large plate by the latch 
L in such a way, readily intelligible from the figure, that a quick 
pull on the latch causes the plug to fall without tipping. Upon the 
plug, and inside the furnace chamber, is a pedestal, made up of 
three fire-clay partitions 6 mm. thick, each faced on both sides (except 
next the crucible) with reflecting discs of platinum foil, and sup- 
ported by a light frame made by grinding away as much as possible 
from a thin porcelain tube 4 cm. in diameter. The pedestal has 
two functions. It protects the crucible from the cooling effect of 
the furnace bottom, and so makes for uniformity of temperature; 
and it supports the crucible during the hour or more necessary to 
reach and establish a constant and uniform temperature. Plati- 
num is very soft at high temperatures, and the fine wires, which 
support the crucible for the interval of one second which elapses 
between the fall of the pedestal and that of the crucible, would 
have to be undesirably large if they were to hold for any length 
of time. At the higher temperatures the uppermost partition is 
apt to stick to the bottom of the crucible, hence it is tied by platinum 
wire to the plate below, whose weight is enough to pull it away. 
Above the crucible another platinum covered shielding partition 
is suspended. The crucible is fastened by fine wires to the larger 
wires, MM. The drop is made by melting the fine wires electrically, 
securing both quickness and simplicity of manipulation. This ar- 
rangement, borrowed from J. A. Harker, has needed modification 

1J. A. Harker, Phil. Mag., 10, 430, 1905. 
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at the higher temperatures used in our work, first by the addition 
of the supporting pedestal, as already explained, second by pre- 
cautions against the formation of an arc between the large wires 
as the small ones melt. Some arcing is necessary, for both sections 
of the fine wire must be melted; hence the current must not stop 
when the first goes. By using two separate, vertical, fine wires 
as far apart as possible, good results were usually obtained. The 
two small arcs first formed were then pulled out by the fall of the 
crucible. But at 1300° and over, where arcing is easier, and the 
fine wires have to be relatively heavy, even this method often fails. 
A better arrangement, therefore, will be reported later. 

5. The Swinging Shield—When the pedestal falls from the furnace 
it is caught in a light wooden box. This box, which can turn on a 
vertical pivot, is immediately swung aside by the observer’s hand; 
the single quick motion performs the following operations: It carries 
the pedestal out of the way, shuts off the furnace current, pushes 
a temporary cover off from the calorimeter, and closes the circuit 
which drops the crucible. Immediately returned to its place, the 
box shields the calorimeter from the direct heat of the furnace, 
after an exposure of only a second for the drop. The heat radiated 
to the calorimeter is, at 1500°, 0.5 calorie per second, or 1/50,000 
the quantity of heat then measured; hence a doubling of the interval 
would produce no appreciable error. 

6. The Splash Cover—The water which is thrown out of the 
calorimeter as the crucible enters it causes no error, for the weighing 
is done after the heat determination is finished. The slight re- 
sulting heat loss is one of the things eliminated by dropping the 
crucible alone. But even a very small amount of water falling on 
the outside of the calorimeter and evaporating there will generally 
cause a very serious error. The water raised by the splash, there- 
fore, is confined by a removable upward extension of the calorimeter 
wall in the form of a heavy brass collar 11 cm. high, which 
presses a rubber gasket against the top of the calorimeter. The few 
drops which get over the top of this tube are caught by a metal 
pan. This splash cover is put in place some time before the drop, 
and is removed by hand immediately after it. The crucible and 
jacket are then covered for the first time. The method used to 
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compute the cooling correction (see page 547) permits this rapid and 
convenient procedure to be employed without disadvantage. 

7. The Temperature Measurements.—The copper-constantan ther- 
moelements used to measure the calorimeter temperature, the plati- 
num-rhodium elements for the furnaces, and the potentiometer 
installation, have already been described.! The latter has been 
modified to suit the demands of the present work. The potenti- 
ometer is arranged as a double potentiometer,’ that is, two separate 
switch settings can be made at the same time, either of which can, 
by a single motion of an exchanging switch, be brought into play 
along with the appropriate thermoelement. Other thermoelements, 
also, can be connected to the galvanometer alone, for direct reading of 
small electromotive forces. One switch setting is used to read the fur- 
nace temperature, the other, the calorimeter temperature. The differ- 
ence between calorimeter and jacket is read by the galvanometer 
alone before the drop of the crucible, and afterward on the connec- 
tion previously used for the furnace. The small differences within 
the furnace are, where necessary, read by direct deflection. 

The whole system is fully equal to the demands of the present 
work. Just before the drop, four different readings are often made 
and recorded in half a minute. A small auxiliary potentiometer is 
used, in series with the main potentiometer, in order to provide an 
additional dial. The resulting combination enables satisfactory re- 
sults to be obtained with a potentiometer originally of too small 
capacity for the present work. 

The exchanging switch is quite different from that described in 
the earlier article, and is briefly referred to in the PHysIcAL REVIEW, 
Vol. 30, p. 784, 1910. Connections outside the switch are made by 
means of the wooden clothespin clamps described in the same article. 

An electric dial, operated by impulses from a seconds pendulum, 
gives bell signals at appropriate intervals in each minute, and saves 
all necessity of looking for the time, either in reading temperatures or 
in dropping the crucible. 


1Constancy of Thermoelements, Puys. REv., 23, 449, 1906; Potentiometer In- 
stallation, ibid., 25, 334, 1907; The Thermoelement as a Precision Thermometer, 
ibid., 37, 135, 1910. 

*Zeitschr. f. Instr., 27, 218, 1907. 
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8. Protection Against Leakage in the Potentiometer System.—The 
system of equipotential leakage shields described in a former article! 
has been extended. It was there pointed out that when a feeble 
current from an outside source leaks through a measuring circuit, 
the only detrimental part of it is that which goes through the gal- 
vanometer, and that this part can be diminished by (1) improving 
insulation; (2) so arranging the circuit that the vagrant current 
shall tend to pass through it by a path which does not include the 
galvanometer; (3) interposing a metallic conductor, the shield, be- 
tween the circuit and the outside E.M.F. If an external shield is 
complete the protection it gives is perfect. But in a hot furnace, 
where the air conducts, a shield, to be complete, must be a complete 
inclosure, and this is usually inconvenient. There will, therefore, 
often be a small leakage current, and it is desirable to make this 
leave the circuit as near the furnace as possible, in order to fulfill 
condition (2). Yet it is obviously disadvantageous to provide any 
more or better paths for the vagrant current. The difficulty is 
avoided by having a second, internal, shield, connected to the circuit, 
but insulated from the external shield. It intervenes between the 
external shield and the potentiometer, switch, auxiliary resistances 
and battery. Such a shield can easily be insulated better than 
most ordinary apparatus, hence by its use leakage is diminished, 
yet whatever leakage does occur will leave the circuit by the most 
desirable path. The same shield may serve for protection against 
leakage in the storage battery circuit of the potentiometer.? In 
the installation here described, it is directly under the top of the 
observing table, where this rests on the legs, and consists merely 
of four (connected) plates of metal, 10 cm. square, set on four smaller 
insulating discs of paraffined hard rubber, which by their situation 
are well protected from dust and light. The external shield for 
the table is the metal legs. (In many cases it might conveni- 
ently be four small metal plates between the table legs and the 
floor.) In order to give protection from battery leakage, the shield 
must separate from the galvanometer circuit all apparatus which is 


1Potentiometer Installation, loc. cit., p. 340. 
2Loc. cit., p. 343. The present shield is merely a slight extension of the shield first 
used for the storage battery circuit. 
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near the positive potential of the battery. Hence all such apparatus 
rests on a metal plate, which is connected to those below the table. 
But no further insulation is required for this plate. 

Recently, in humid summer weather, appreciable leakage was 
detected between the two sides of the thermoelement circuit, which 
differed only by .013 volt. It is impossible to shield against such 
leakage; the only effective defense is better insulation. Accord- 
ingly, a change was made in the installation. The exchanging 
switch was kept dry by inclosure in a tight, glass-topped case in 
which calcium chloride was placed. The leads passed out through 
sheaths of celluloid imbedded in paraffin, and all other exposed 
insulating surfaces, including the top of the potentiometer itself, 
were paraffined after being dried in the radiation from an incandes- 
cent light. These precautions have proved effectual in very humid 
weather. In some potentiometers now being constructed in the 
shop of the Geophysical Laboratory, provision is made for keeping 
them dry by an upper glass cover and the use of drying material. 
Such inclosure is in some ways more favorable to constancy than 
immersion in an oil bath, and is certainly cleaner. It seems likely 
to prove a valuable general method where high precision is desired 
along with freedom from uncertainty and troublesome precautions, 
especially in humid climates. 

g. Averaging.—The important temperatures are all obtained by 
taking the mean of several observations. A short method of averag- 
ing is employed. As the separate observations are recorded, each 
is subtracted from the preceding. The time required for this is 
almost inappreciable, since the differences are nearly constant for 
one set of readings. Five readings are usually made, at half minute 
intervals. These will yield four differences. If these differences, 
in order, are called A, B, C, D, it is easy to show that the arith- 
metical mean of the five readings differs from the middle one by 
[A —D+2(B—C)]/5, a value which is almost never more than one 
unit of the last place, and can be obtained at a glance. Similar 
formulz can of course be obtained for three or seven readings. 

10. Conduct of an Observation —While the furnace is heating, the 
calorimeter is filled, its temperature regulated (by ice or by an 
immersed incandescent light) if necessary, the ice tank is filled, 
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and the splash cover is put in place. When the desired furnace 
temperature has been reached and held long enough to heat the 
crucible uniformly, the thermoelement in the furnace is removed, 
and the accurate element used for the final measurement is inserted 
instead. After about three minutes, readings of the furnace tem- 
perature can be resumed, and are alternated with readings of the 
calorimeter temperature. As soon as constancy of temperature in 
the furnace is again assured, the drop is made. This requires five 
simple operations. At a bell signal from the clock the latch is 
pulled, letting the pedestal fall. Immediately after a quick glance 
to see if this has happened properly, the box is swung out and back, 
dropping the crucible. The splash cover is then removed, the calo- 
rimeter and jacket are covered, and the observer returns to the galva- 
nometer telescope, arriving in ample time for the first reading, 
fifteen seconds after the drop. 

During the next two or three minutes the temperature rise is 
rapid, and readings are made every fifteen seconds. One-minute 
readings then begin, and in the intervals between them the prepara- 
tion for the next determination is started. The porcelain tube and 
crucible attachments are removed from the furnace to get cool, 
and the furnace is closed again to keep hot. At the end of the tem- 
perature observations, about ten minutes later, the crucible can be at 
once adjusted for another heating. Meanwhile the reduction of 
the observations has also been nearly completed. 

11. The Lead Bath.—It was found that in the furnace described 
above, the absolute, and still more the relative, uniformity of tem- 
perature over the crucible is a maximum at the highest temperature 
measured (1500°) and decreases continuously down to 500°, where 
the extreme difference is about 15°. Hence for work at 300° and 
500° a furnace of a different type was made, designed so as to give 
more uniform temperatures, and shown in section in Fig. 4. The 
bottom, a soft steel annular plate, is joined to the two soft steel 
concentric vertical tubes, A and B, by beading the metal of the 
tubes over the edges of the bottom. The annular space between 
the tubes is filled with a lead-tin alloy which is stirred by a propeller, 
with water-jacketed bearing. The heating coil is in three sections, 
at top, bottom, and sides. These are separately regulated, in ac- 
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cordance with the readings of differential thermoelements, so as to 
give a temperature uniform to 3° or 4° all over the outside. The 
bottom swings aside to expose the crucible for dropping. In swing- 
ing it trips a catch which releases the crucible. 

Actual measurements showed 
that when the bottom of the cham- 
ber was 10° warmer than the center, 


the resulting temperature difference 


“5 on the surface of the crucible was 

— 3 not over 0.5°. When the bottom 

¥ = = nd of the chamber was 10° cooler, the 
A pin i effect on the crucible was imper- 
ceptible. When equilibrium has 
se once been established, the tempera- 
: —= ture of the bath seldom attempts 
SSE eS} to vary faster than about 1° in 


fifteen minutes. This bath has 
several times been raised to 600°. 
A slow stream of illuminating gas 


(One sixth actual size.) Electric keeps the melted metal free from 
furnace, for temperatures not only id 
constant but very uniform, from 180° oxice. 
to600°. Of steel, filled with a lead and 12. The Steam Oven.—Values of 


tin mixture, which is stirred, and is the mean specific heat up to 100° 
kept from oxidation by means of " ° 
Shendention ano. are obtained with the apparatus 
shown in Fig. 5. This differs from 
some others of its kind in that boiler and crucible chamber are 
combined in one vessel. It is thus simple, compact, and manage- 
able, takes little heat, and avoids all difficulties from throttling or 
imperfect circulation of the steam. It is made of sheet copper, 
soldered with tin. When in use, it is over the calorimeter; the 
small flame keeps the water inside boiling just fast enough so that 
condensation continues in the air condenser, K; the asbestos board 
partitions G, G, keep the flame from interfering with the temperature 
either of the crucible chamber or of the calorimeter. A shield, 5S, 
guides the flow of the steam inside. A copper-constantan thermo- 
element measures the temperature of the chamber. Two hours are 
allowed for the charge to attain the temperature of the steam. 


Fig. 4. 


—=— | 
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Direct observations with a thermoelement in the middle of the 
charge showed that at least 90 minutes is necessary if results are to 
be accurate to.1°. The partitions, of cork covered with tin foil, in 
the lower part of the chamber, protect the crucible from the cooling 
effect of the bottom. 

13. Dropping the Crucible from the Steam Oven.—In dropping from 
the steam oven, it is possible to get rid of the splash and splash 
cover. To accomplish this, the crucible is lowered rapidly by a 


Fig. 5. Fig. 6. 


(One sixth actual size.) Steam oven for temperature of 100°. S, radiation shield; 
cc, copper constantan thermoelement; H, chain; GG, asbestos guards around the flame. 

Diagrammatic view illustrating the automatic method of dropping the crucible 
from the steam oven of Fig. 5. 


cord, checked just before it strikes the water, and at once released 
automatically. The automatic release is performed by a pair of 
brass tongs with two handles, one of which closes, the other opens 
them. To one handle the cord is attached, to the other a chain, H, 
whose other end is fastened to the inside of the oven chamber. 
Hence the crucible, raised by the cord, is held firmly, but drops as 
soon as it is lowered enough to pull upon the chain. A constant 
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heat loss in the drop is furthered by also using an automatic ar- 
rangement (Fig. 6) to lower the crucible. This is hardly necessary 
at such low temperatures, but simplifies the manipulations, and 
so diminishes accidents, while the labor of installing it is the merest 
trifle. Its essential feature is a pendulum consisting of a heavy 
ball hung by a cord. This, near the middle of its swing, is re- 
strained by another cord, R, and then swings about its attachment 
asacenter. The cord which lowers the crucible is attached a little 
below at D; thus the motion of the crucible changes suddenly from a 
high toa low velocity as the cord, R, tightens; this happens just be- 
fore the crucible touches the water. The pendulum is first released 
by the pull of a cord attached to the jacket cover, which, here taking 
the place of the swinging shield above described, is thrown back to 
make the drop. The motion of the cover is also made to release 
a stretched rubber band, which jerks a temporary cover away from 
the calorimeter. The upper cork partition in the oven chamber is 
attached to the chain, and leaves the chamber only when the 
crucible does. It protects the crucible from appreciable heat loss 
after the chamber is opened. 

The operation of dropping, then, comprises four motions, among 
which confusion is very unlikely, first (at leisure) opening the cham- 
ber; second, at the clock signal, moving the cover, when the drop 
follows automatically, and then covering calorimeter and jacket 


as usual. 
SUMMARY. 


This paper deals with a calorimetric system in which all condi- 
tions affecting the calorimeter temperature are, as far as possible, 
definite and measured, and in which as a result errors once serious 
are made negligible, computation is often simplified, and an increase 
in effective thermometric accuracy can be secured. The apparatus 
was designed for the determination of specific heats, especially at 
high temperatures, by the mixtures method. 

1. Two calorimeters are described, designed for effectiveness in 
stirring. In one of them the use of an inclined central tube affords 
a path both wide and short for the circulating water, and at the 
same time allows the stirrer itself to remain simple. Copper covers, 
carefully fitted and in contact with the water, practically eliminate 
evaporation, both externally and internally. 
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2. When in their jacket these calorimeters are surrounded above 
and on all sides by a single compact body of circulating water, 
and have, therefore, a uniform environment. The calorimeter 
chamber can be opened at any time without disturbing either the 
circulation or the connections to the calorimeter. 

3. The internally-wound type of furnace commonly used in 
the Geophysical Laboratory, modified to permit the dropping of 
bodies, was used for most of the temperatures employed. At 1500° 
the temperature of the charge was found uniform to a small frac- 
tion of one per cent. 

4. A light swinging shield under the furnace controls the exposure 
of the calorimeter. It performs with certainty, ease and quickness 
the functions often sought through a movable calorimeter or furnace. 

5. Temperatures uniform and constant to 0.1° at least are ob- 
tained for the interval from 200° to 600° in an electrically heated 
and stirred bath of melted metal, which surrounds but does not 
touch the body to be heated. 

6. A steam-heated oven is also used. With this a simple auto- 
matic arrangement gives uniformity of results in dropping bodies 
into the calorimeter. 

7. This paper makes a short addition to a previous discussion of 
equipotential leakage shields. 

8. By partly inclosing the apparatus in cases which also contain 
drying material, and then coating with paraffine all exposed in- 
sulating surfaces, insulation was assured, without inconvenience, 
under atmospheric conditions previously considered almost fatal 
to high accuracy in the measuring system. 


GEOPHYSICAL LABORATORY, 
CARNEGIE INSTITUTION OF WASHINGTON, 
WASHINGTON, D. C., July 16, 1910. 
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A TEST OF CALORIMETRIC ACCURACY. 


By WALTER P. WHITE. 


F an adequate storage battery and an accurate signal clock are 
available, the electrical method of calorimeter calibration is 
convenient, accurate, and reliable. In the case now to be described 
the measurements were varied so as to give, besides a calibration, 
some information as to the different sources of error present. 


I. APPARATUS AND METHODs. 


As electrical calibrations have already been carefully described,' 
such features of apparatus and method as are not new may be 
given very briefly. The calorimeters were A and B of the previous 
article. 

1. Electrical Energy Measurements.—The heater was of the type 
introduced by Jaeger and von Steinwehr. Its resistance was about 
20 ohms, maximum intended capacity, 5 amperes at 100 volts, or 
about 7,000 calories a minute. As usual, the current and voltage 
were read on a potentiometer by means of resistances so adjusted 
that the two readings were approximately the same, and could be 
taken from the same potentiometer setting. They were made on 
the same potentiometer as was used for the thermoelectric tempera- 
ture measurements. The maximum value of each was about 15,000 
microvolts. The storage battery was often constant and steady 
to .00002 or better for the time of a (four-minute) heating. This 
steadiness, when attained, required an unexpected amount of atten- 
tion to contacts, and an unexpectedly long previous exercising of 
the storage battery. 

The standards were tested six times during the work, and one of 
these tests was a calibration at the National Bureau of Standards. 
The tests indicated that no error as great as 0.1 per mille was ever 


1W. Jaeger and H. von Steinwehr, Ann. d. Phys., 27, 23, 1906. H.C. Dickinson, 
E. F. Mueller and E. B. George, Bull. Bur. Standards, 6, 379, I9r0. 
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present in any of the resistances. The agreement of the current 
and voltage measurements made during each heating was, as far 
as computed, better than this in all but a few determinations. 

2. Prevention of Leakage.—The low potential end of the heating 
circuit was in contact with calorimeter and jacket through the case 
of the heater. The equipotential shield! under jacket and measur- 
ing system was therefore kept at about the same potential by a 
direct connection to the negative current terminal. Leakage to 
the jacket at 100 volts pressure through the insulation of the positive 
lead of the heater was still possible, even if not probable. This would 
have produced an error, since the leakage current, after reaching the 
jacket, would have gone along the negative lead and so through 
the current measuring resistance, but would not have gone through 
the heater. This possibility was absolutely prevented by a small 
shield, which completely separated the lead from the jacket, being 
insulated from both, and was connected to the main shield beyond 
the current measuring resistance. Any current leaking out of the 
lead so as to pass the coil was thus guided past the resistance also. 

3. Time Measurement.—The heat communicated to the calorim- 
eter is a function of time as well as of watts. The time was given 
by a chronometer with electric contact, which was rated and found 
to have far more than the necessary accuracy. With the four- 
minute runs used, an accidental variation of 0.01 second in the 
electric signal would have meant an error of only 0.04 per mille in 
the final result. 

4. The Automatic Time Switch—In some preliminary work, a 
chronograph used to compare between the heating current and the 
clock proved somewhat unsatisfactory. The marking pens needed 
attention just when the observer was particularly busy elsewhere. 
A device whereby the clock signal itself turns on the heating current 
has been a source of great satisfaction. It not only requires less 
attention, and is more certain, but it has a smaller probable error, 
and gives the time in even intervals, without the inconvenience of 
any correction.2. It is shown, diagrammatically, in Fig. 1. Two 


1See p. 6709. 

2The idea of making the clock turn the current on and off was borrowed from Dr. 
N. E. Dorsey of the National Bureau of Standards. His apparatus, however, was 
different. 
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wooden arms, A and B, each 12 cm. long, swing, one above the other, 
on the rod, R, as a center. Each is pulled toward the other by a 
spring. A carries a projecting copper rod, W, B has a copper plate, 
P, which can make contact with W and also with a fixed rod, V, 
underneath A. A can be drawn back and held by the catch, /, 
controlled by the magnet, M, which is operated by the clock. The 
plate on B is then drawn against V, making contact. A, when 
released, is pulled forward so that W suddenly strikes the plate, 
making contact, and at the same instant driving the plate away from 


Jo HEATER 


Fo CLack 
0) 
g 


€ GArrery 
L§ 7e Suesrirure Resisranteé 


Fig. 1. 


Automatic time switch for starting and stopping the heating current by the clock 
signals. 


V. The plate is connected to the +pole of the battery; V and W 
are connected, one to the heater, the other to the substitute resist- 
ance, which is employed (as usual) to bring the battery to equilib- 
rium for the current needed. These connections are made through 
the commutator, C, and can be exchanged. Hence at the beginnng 
of a heating the apparatus is used to turn the current from the 
substitute resistance to the heater, and at the end to change back 
again. In each case the change occurs the same fraction of a second 
after the magnet impulse. In parallel with this apparatus is one 
side of the two-pole, two-throw switch, S. The other side is so 
arranged in connection with the magnet, M, that when the switch is 
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closed either way the circuit is closed through M, but when the 
switch is open the magnet is dependent on the clock, and responds 
to its signals. The switch is operated as follows: Most of the time 
the current flows through S. C is open and the apparatus beyond 
it is dead. Some time before the beginning or end of a heating, A 
is pulled back and caught by the catch, 7. One second previous, 
the observer closes C on the proper side, putting the automatic 
switch in parallel with S, and then opens S, leaving the other in 
circuit alone. The clock now opens the circuit through the magnet, 
M, causing the automatic switch to operate. Immediately, the 
observer closes S on the other side, and then opens C. The auto- 
matic switch has started (or stopped) the current in the heater 
exactly on time, but it has only been in use about half a second, and 
an excess resistance of 2 ohms in it would have produced no appre- 
ciable error. 

5. Weights——The calorimeter was weighed with the water, and 
the oil for the seals then added from a pipette whose delivery was 
constant to 15 mg. The weighing was to about 30 mg. or .00002, 
with calorimeter A, and to greater proportional accuracy with B. 
The weight taken was always the same for each calorimeter. The 
final water equivalents of the calorimeters were computed from the 
mean value of the results. In fact, the finding of these equivalents 
was the first object of the investigation. Heat quantities obtained 
with these calorimeters will therefore really be referred to the elec- 
trical units. The (distilled) water was at first usually boiled and 
cooled to free it from air, but no difference was observed in the 
results when this precaution was omitted, and in the latest (and 
best) determinations it was never employed. A direct observation 
of the amount of gas given off on heating one sample of the unboiled 
water to 100° indicated that there should have been no error from 
liberation of gas for the temperature range, about 22° to 42°, used 
in the work. 

6. Temperature Measurements.—The temperatures were measured 
essentially as described in the preceding article, p. 678. Successive 
readings of the final temperature were concordant to 0.1 microvolt 
(0.00033°), the smallest unit read or used; those of the differential 
temperature (¢ of p. 546) to about .002°. 


a 
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7. Conduct of an Observation During the four-minute heating 
periods, four readings of the (varying) temperature, ¢, and twelve 


TABLE I. 


Sample Record of a Determination. Observations in Roman type. Data given 
by calculation, in Italics. All explanatory matter added since the 
observations is in brackets. 


June 10, 1910, Calorimeter A. Second 17-degree run. Cadmium [cell] 
temperature, 21.7°. 


| 


[9] | | [ad] 
9 7091.9 | | 
91.7 > | 
10 91.5 7001.5 
91.4 
91.2 7 
12 66.7 
3.8 
18 66.9 
19 33.6 [sum] | 7088.0 | 
66.8 [mean] | | 
20 87.7 : 7087.7 
87.5 
21 65.6 
22 = [Current turned on] 
(Current Reading} [Voltage Reading. 
131 [=65.6X2] | 14455.0 
188 
14430.2 
23 56.5 
30.8 
24 | 57.6 
| 57.8 
890 
30.8 
25 | 58.1 
| 58.3 
| 1252 
| 5804 [=1473.5 x4] 30.5 
| 58.3 
8891 [sums] 58.8 2.3 
[means] 14457.4 14430.6 
26 [End of heating] 


No. 6.] A TEST OF CALORIMETRIC ACCURACY. 691 


| 


on 


27 1479.9 
28 1473.5 
29 | 12711.6 
700.5 3 
30 | 689.2 12689.2 
78.0 
11.3 
31 66.7 
32 | 1448.8 | 
38 | 1413.2 
39 2862.0 [sum] 12491.9 
| 1431.0 [mean] 81.2 
40 | 70.5 12470.6 
59.9 10.6 470. 
10.6 | 
41 49.3 


of the (nearly constant) electrical energy were made. These read- 
ings were more numerous than was necessary, but could be taken 
with a facility which was almost leisurely, thanks to the double 
potentiometer, the arrangements for constant galvanometer sensi- 
tiveness, and the short period (three seconds) of the galvanometer. 
Except in a few special determinations, all the periods were of ten 
minutes. This gave abundant time for the attainment of steady 
conditions after the four-minute heatings. The cooling periods were 
of the same length, ten minutes, which facilitated computation. 

Table I. gives a sample record, showing the observations and 
calculations made during the 32 minutes occupied by arun. The 
corrections for variation from Newton’s law of cooling, described 
on p. 553, were also usually looked up during the observation period. 

The remaining calculations! are shown in Table II. 

The small correction described on p. 557 was also applied to the 
final results. 

8. Plan of the Investigation —The determinations were varied in 

'These calculations are simple enough, but seem worth giving in view of the em- 


phasis that has recently been laid by several writers on the large amount of labor 
required for computing Regnault-Pfaundler cooling corrections. 


| June 10, 1910. Calorimeter A. Second 17-degree run. Cadmium [cell] 
temperature, 21.7°. 
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TABLE II. 


Remaining Computations. Actual work to the left; explanation to the right. 


Cooling Correction Calculations. 


218.6 1543.0 9329 
38 $20 
214.8 1491.0 8809 Differences. 


\ Data, taken from previous table. 


Temperatures. 
7087.7 Lower temperature. 
381.0 Thermoelement correction.! 
12689.2 Upper temperature. 
3.8 
126.9 \ Cooling correction. 
12819.9 Corrected upper temperature. 
434.3 Thermoelement correction.' 
13254.2 Final upper temperature. 
7468.7 Final lower temperature. 
5785.5 Interval. 
Final Calculations. 
.06302 Log. calibration constant.* 
.31938 2 Xlog. energy readings. 
_ 23766 Co-log. interval. 
.62006 Log. equivalent. 
4.1693 Equivalent. 


two ways: (1) Asto temperature interval. Whenever either calo- 
rimeter was filled and weighed it was sooner or later heated through 
the maximum interval used (from 17° to 15° for A, 9° for B), but this 
interval was usually divided into several steps, each of which formed 
acomplete determination. The objects were: first, to see if the equi- 
valent of the calorimeter varied with temperature, and second, to 
investigate the errors present, by comparing determinations repre- 
senting a variety of conditions. (2) The time of heating was also 
increased to 14 minutes in some cases, so as to vary conditions 
still further. 


1These corrections were taken from a table. The corrected results are in three- 
thousandths of a degree. 

2The second number was obtained with a slide rule from the three differences above 
The correction is: (AV;—A9_,) ~ -9-1) X(%1 + See pages 548-9. 

’This calibration constant took in the value of the various coils used to measure 
the energy, the (temporarily assumed) water equivalent of the calorimeter, the rate 
of the clock, the (small) correction for varying temperature of the standard cadmium 
cell, etc. 
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The following determinations were made with calorimeter A: 
five sequences of two determinations each, giving five ‘‘lower nines”’ 
(from about 23° to 32°) and five upper nines (from about 32° to 41°); 
next, similarly, four sequences of three each, giving lower fives, 
upper fives, and four more upper nines; then two sequences of 
four each, giving six 1.3-degree intervals and two 15-degree inter- 
vals, and lastly, seven single 17-degree runs, in two of which the 
heating continued fourteen minutes. 

With calorimeter B there were eight 9-degree determinations (the 
first two of which were rejected because they were vitiated by a 
wrong adjustment in the potentiometer system); alternating with 
these there were three sequences of 5-degree determinations, giving 
three upper and three lower fives. 

Later, four sequences were run with calorimeter A, each of a 
5-degree, followed by a 9-degree run. The weather was then hot, 
and the sequences started at about 29°. 


Il. RESULTs. 


The results are shown in Tables III., 1V.and V. The equivalent 
given for each calorimeter is the number of joules needed to heat 
a gram of water one degree, computed by means of a water equiva- 
lent derived from the mean result of the calibration. 

Remarks.—During the time covered by the first part of Table III., 
the atmospheric humidity was very high; this condition, of course, 
is apt to cause electrolytic leakage over the insulating surfaces. 
On the morning when the observations were begun, it was necessary 
to first stop and dry and paraffine the top of the potentiometer 
itself in order to eliminate a serious leakage error. The results of 
Table III. therefore represent the performance of the apparatus under 
unusually trying conditions. 

After the work for Table III. was finished it was discovered that 
during part, or perhaps all, of it a leakage error of about 0.5 micro- 
volt had been present. The whole installation was then gone over, 
and protected from the effects of moisture, as described on p. 680. 
Although the weather was no better, the results then obtained 
with calorimeter B (Table IV.) were much more concordant. In 
order to see if this was due to the improved protection against 
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Average Devi- 
ation from Mean. 


In Per Mille. 


05 


.046 | 


ll 


22 


03 


In Degrees. 


-00048° 


.00042° 


.00042° 


.00052° 


.00055° 


.00029° 


.00052° 
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TABLE III. 

First Calibration of Calorimeter A. Insulation in the Potentiometer System somewha; 
1 |May 21 | 4.1891 05 
3| “ 23 Lower 23 [4.1901] ans 
si* oF 24 4.1891 | 4.1893 05 
7|\“ 26 24 96 .07 
* 24 95 04 
58 4.1897 04 
4| 23) Upper 58 97 .04 
oF 59 94 | 4.1895 03 
si“ 2% 54 97 04 
54 92 
23 4.1886 08 
14; “ “| Lower 23 92 .06 
17 |June 4.7° 23 94 | 4.1889 
20 23 85 10 
12 |May 27 55 4.1894 17 
15| “ “| Upper 55 82 12 
18 [June 4) 4.7° 53 gq | 4:1887 05 
nie 6 53 83 .09 
13 |May 27 57 4.1890 04 
16 | “ “| Upper 57 95 .08 
19 June 4) 9.3° 56 93 | 4.1891 04 
56 88 .08 
23/“ 6 15 4.1911 59 
15 4.1889 .06 
43 79 18 
« 13 45 67 | 4-1887 47 
si* * 72 87 01 
pie * 74 86 01 
30 4.1889 02 
30 “oe aa 15 31 90 .00 
“ 9! 18° 40 4.1891 03 
33| “ 10 43 90 .00 
9 21 4.1893 | 41890 07 
“10! 23 89 02 
24 87 07 
* 24 91 04 
24 88 03 


4 
a 


| 
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TABLE IV. 


Calibration of Calorimeter B. Potentiometer Installation Improved. 


° | LA ia- 
| | | g | gg 
zi we s | 888 | & 3 
i | | g | Be 
| 

40 | July 15 4.1899 03 
42) 2) 15 | 4.1895 .03 

35 4.1894 | 08 
43; “ | 35 - 97 | 4.1896 02 | 
“ § 33 97 | .09 
38 June 30 — (4.1881), 
| [4.1877] | 
44 July 2 | 15 4.1884 | | .05 
46 “a “a 9.5 15 | 80 | 4.1882 | 04 .036 wen 
47; “ 15 .03 | 
14 83 | 03 
* 14 | | 02 

TABLE V. 


Second Calibration of Calorimeter A, with Improved Potentiometer Installation. 


3 gs 3 3 E 2 tion from Mean, 
3 a age gs | 
52 July 11 26 4.1895 02 
54; “ “ | Lower 25 94 104 
56,“ 4.7° 25 97 | 4.1896 03  .00014 
25 97 .03 
Upper 42 4.1893 .03 
57; 9.3 43 94 4.1894 01 .02 | .00019 
Water Wt. of Total 
Weight. Equivalent. Water. Equivalent. 
647.79 gr. 62.78 1,412.21 1,474.99 
1,364.17 127.62 3,778.05 3,905.67 


1 The actual temperature error is smaller than this number. 


| 
if 
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leakage, and also if there was any systematic time variation in the 
system, calorimeter A was again used, as shown in Table V. The 
results are even better than in Table IV., and so appear to show 
that much of the error in Table III. was due to leakage, and 
certainly show that results practically free from such error can now 
be obtained in spite of very trying conditions. 


III. INTERPRETATION. 

1. The Cooling Correction—The largest temperature interval in 
these results is over thirteen times the smallest; in most of the 
series the calorimeter was heated about twenty degrees above its 
jacket; the majority of the shorter intervals began at or above 
the temperature at which such intervals would ordinarily end; the 
upper intervals have cooling corrections at least two and a half 
times as great as the lower, and the correction was also increased 
in a different way with the slow heating (nos. 32 and 33). Yet on 
comparing all the results there is no indicatign either of a systematic 
error or of an increase in the accidental errors, due to the cooling 
correction. Furthermore, the accidental errors common to all the 
intervals will soon be shown to arise mainly from the temperature 
measurement. Hence the error in the cooling correction is, for this { 
work, considerably smaller than the accidental errors, and that is very 
much smaller than the errors of all work hitherto published in this 
field, whether done with a cooling correction or by methods in 
which such a correction is avoided. The present investigation thus 
gives a direct confirmation of the conclusion, derived over a year 
ago from an analysis of the calorimeter problem,! and presented 
more fully in the second paper of this series,” that all cooling correc- 
tion errors are at present quite negligible with proper apparatus. 

2. Accidental Errors.—With the cooling correction eliminated, the 
sources of error are four: Temperature, time, electrical energy and 
weight. The accidental errors in temperature measurement are 
probably nearly independent of the interval, and therefore produce 
a much larger proportional effect in the shorter intervals. Errors 
in time and weight, on the contrary, produce the same proportional 


ipuys. REv., 28, 462, 1909. 
*Pp. 576, 579. 
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effect throughout, and so tend to be most prominent in the larger 
intervals, because there the temperature errors are less important. 
For the same reason the accidental errors in energy measurement 
are probably most effective in the larger intervals, though they 
diminish somewhat as the interval increases. If, now, the propor- 
tional error is multiplied by the temperature interval, the result 
is the total error expressed in degrees. This quantity is tabulated 
in column 9 of the tables. Roughly speaking, it is equal to E, + »P 
if Ey is the temperature error, m the interval, and P the other errors, 
taken as proportional to the heat quantity. Hence if the error 
were mainly due to temperature measurement, the quantity in 
column 9 would be about the same for intervals of different length, 
and its tendency to increase with the interval is a measure of the 
magnitude of the other errors. A rigorous application of this 
formula to the present data would of course be absurd on account 
of the natural and evident variations in the errors from one series 
to another. But the general increase in all the tables of the quan- 
tity in column 9 as the interval increases leaves no doubt that con- 
siderable (accidental) errors are present other than the temperature 
error. And, more specifically, there is very little doubt that in 
Tables IV. and V. the proportional part of the error (nP) was appre- 
ciably larger for the 9-degree than for the 5-degree interval, and 
hence, also, must have been appreciable for the 5-degree interval. 
The accidental temperature error alone, therefore, was for these 
tables almost certainly under .00020°. It therefore follows that: 

(1) Since in the temperature measurements the smallest quantity 
read, 0.1 microvolt, corresponded to .00033°, or to nearly double 
the probable temperature error, the precision indicated for the 
thermoelectric thermometer is all that could possibly have been 
expected (see page 578). 

(2) This temperature error, small as it is, predominates in the 
5-degree interval results, and probably in the 9-degree also. 

(3) Since that part of the accidental error not due to tempera- 
ture may be partly or largely due to the energy measurement, the 
precision indicated for the calibration as a whole, namely, one part 
in 30,000 for a 9-degree interval, and one in 20,000 for 5 degrees, is 
merely an inferior limit for the precision of the calorimetric instal- 


if 
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lation alone, and this precision may approach the limit set by the 
thermometric errors, or better than one part in 25,000 for 5 degrees, 
and one part in 50,000 for 10 degrees. In this case, of course, the 
preponderating error would be in all cases due to the temperature 
measurement. The work represented in Table III. was, as already 
stated, affected by a source of error which was afterward removed. 
But even these results show a precision more than half of that at- 
tained later, and far more than was considered possible in calo- 
rimetry until lately. 

These indications as to the precision attainable and the rela- 
tive importance of temperature errors corroborate the conclusions 
reached in preceding papers of this series, and in the abstract pub- 
lished last year. Clearly shown also is the advantage of the large 
temperature intervals which are acharacteristic feature of the present 
calorimetric work. This result contradicts the generally prevalent 
opinion favoring small intervals, and fully justifies the departure 
from current practice which was made! three years ago in designing 
the present installation for large intervals. | 

That an increase from 10° to 20° would yield much further advan- 
tage with the present system is not clearly demonstrated by the 
present data. It certainly would with temperature measurements 
accurate only to .0005°. 

There is little significance in the fact that the quantity of heat 
measured in many of the determinations is larger than usually 
employed by other experimenters. Calorimeter B, taking three 
times as much heat as calorimeter A for a given interval, happens to 
show larger errors. Wherever the accuracy varies with the quantity 
of heat, the essential factor is evidently the accompanying increase 
in the interval. For the same intervals the results would be nearly 
as accurate with considerably smaller quantities of heat. With 
more sensitive thermometers, however, the same accuracy could, of 
course, be obtained with smaller intervals. 

3. Systematic Errors*—lIf a calorimeter is given a direct calibra- 
tion, the constant systematic errors of the calorimeter itself are neces- 

1Puys. REV., 25, 137, 1907. 


2This section was rewritten, after some supplementary observations in the fall of 
I910, and was re-submitted October 22. 
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sarily eliminated for the conditions of each particular determination. 
By varying these conditions the systematic variations in the calibra- 
tion factor can also be eliminated. Systematic errors in time 
measurement and in weighing seem safely negligible in the present 
case. The remaining possibilities seem to be systematic errors in 
the electrical standards; and slight variations due to temperature 
change in the potentiometer coils. 

The precautions taken with the standards and the agreement 
obtained in the observations on them, as described in sec. 1, p. 686, 
appear to exclude the possibility of any systematic error here greater 
than one part in 10,000 (.1 per mille). Evidence as to the other 
systematic errors is given by the data in Tables III., IV., V. It there 
appears that, for calorimeter A, discrepancies, sometimes slightly 
exceeding .1 per mille, occur between the mean results of the dif- 
ferent series, but these are not concordant; for instance, the value 
for the 9-degree intervals, which fell a little from May to June, 
returned again in July, and the 5-degree interval, lower than the 
g-degree in June, was higher in July. There is therefore little 
doubt that these discrepancies, where not purely accidental, are 
due to minute variations in the potentiometer, or to the leakage 
mentioned on p. 693 which was probably greatest in June. It 
seems practically certain that they do not indicate any systematic 
source of error in the calorimeter itself, for they are connected 
with causes (change of weather, lapse of time) which can hardly 
have an effect on the calorimeter, while those factors that might 
be expected to affect it, such as the magnitude of the cooling cor- 
rection, the mean rate of cooling, and the time of heating, produce 
an altogether imperceptible effect. Moreover, whatever systematic 
variations there may be in the specific heat of water or of the calo- 
rimeter metals at different temperatures, or in the calibration curve 
of the thermoelectric thermometer, the final resultant of all of them 
is imperceptible here. 

With calorimeter B, on the other hand, the few, though con- 
cordant, 5-degree series differ by about .3 per mille from the 9- 
degree, though the last results with calorimeter A, only six days 
later, were concordant for the different intervals over about the 
same temperature range. This, of course, suggested the energy 
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measurement as the source of error, but a special investigation 
showed that the standard coils were never perceptibly heated by 
the greatest currents actually used, and that the potentiometer 
coils concerned had not enough irregularities to account for more 
than a fraction of the discrepancy observed. 

In the following fall, some more calibration runs were made to 
test the matter further. The results were generally better than 
in Table IV., but were not essentially different; hence it seems un- 
necessary to give them in full. The mean values of four series were: 


Interval. Time of Heating. Heating Current. Cal. Factor. 
5° lower 4 min. 3.5 amperes 4.1887 
5° upper 4 min. 3.5 amperes 4.1887 
9° 9 min. 3.5 amperes 4.1887 
9° 4 min. 5.0 amperes 4.1890 


The former discrepancy has now completely disappeared, and 
with it has gone the possibility of fully explaining it. Since these 
results are intermediate in value between-the older ones, it seems 
probable that the former difference was partly accidental. The 
absence of variation with time of heating or magnitude of interval 
again indicates the absence of error due to the calorimeter itself. 
The slightly higher value of the fourth series may be accidental; 
in this series the heating current was unusually unsteady. 

Unless, therefore, some important sources of error have been 
overlooked, the final systematic errors now seem little, if any, 
greater than 0.2 per mille. This is several times the error of the 
calorimeter (with the thermometer) alone, but is more than sufficient 
for the work for which the installation is to be used. 

Relative Value of the Results—A comparison with the work of 
others is rather difficult, for most of the best work hitherto has been 
done with mercury thermometers sensitive only to .oo1° and with 
small intervals, which of course precludes any approach to the 
accuracy of which the calorimeter itself is capable. The tenfold 
greater precision of the present determinations is not far from what 
should result from the improvement in conditions, and there ap- 
pears to be no reason why it should not be readily attained wherever 
the accuracy of the associated determinations is sufficient to make 
it worth while. 
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SUMMARY. 

The two calorimeters described in the previous paper were cali- 
brated by the electrical method, and the determinations were varied 
considerably, so as to afford information as to the errors present. 

An automatic switch, which started and stopped the heating cur- 
rent in obedience to electric signals from a chronometer, was an 
advantageous substitute for a chronograph; otherwise, the details 
of the calibration were much as usual. 

The results were: 

1. The average accidental error of a complete calorimetric deter- 
mination has been reduced to about one part in 30,000. The 
essential conditions for this performance appear to have been: 
Ordinary care in manipulation and observing, an electrical ther- 
mometer reading consistently to .0003°, auxiliary electrical appara- 
tus accurate to. 00003, a complete and uniform inclosure for the calo- 
rimeter, regulation of the stirring, elimination of evaporation, and 
the use of unusually large temperature intervals. Of these features, 
only the last two are specially characteristic. 

2. The average accidental temperature error was brought below 
.00025°. This is practically a perfect performance for the multiple 
thermoelement used as a thermometer. 

3. No error due to the cooling correction could be detected, even 
where the total average error was only .00003. 

4. The preponderant accidental calorimetric error was in the 
temperature measurement. 

5. No systematic error due to the calorimeter could be detected. 
The constancy of the auxiliary electrical apparatus was not great 
enough to bring the systematic error of the final result of the cali- 
brator below 0.1 per mille (.0001). 

6. The use of a large temperature interval obviously diminishes 
the effect of the temperature error. It brings no corresponding 
disadvantage. Intervals much larger than those ordinarily used 
are therefore to be recommended where accuracy is desired. 


GEOPHYSICAL LABORATORY, 
CARNEGIE INSTITUTION OF WASHINGTON, 
July 16, rgro. 
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ERRATA. 


Page 611. In the abstract of the paper by O. W. Richardson 
on Gravitation and the Electron Theory, two terms of the equation 
on the third line, referred to in the text, were omitted in printing. 
The two paragraphs on page 611 should read as follows: 

These conditions are satisfied if the repulsion between two ele- 
ments 5E, 5E’ of electric charge is of the form: 


adM dM’ dM’\? 
opr) (ae) | 


where dM and dM’ are the infinitesimal amoynts of mass associated 
with dE and dE’ respectively, a, 6, c, d, and e are constants, and F 
denotes some functional relation. A formula of this type might 
be expected to arise if the usual law of force were modified to a slight 
extent by the disturbance in the ether in the immediate neighbor- 
hood of the element of charge, since, according to certain forms of 
electrical theory, the mass of any region is proportional to the 
energy confined in that region. 

The constants a, b, c and e do not enter into the expression for 
the force between two neutral particles. They would, however, 
make a difference in the effect of gravity on an electric charge. 
Experiments on electrons may possibly indicate such a difference. 
There seems to be no reason why gravitation should not act dif- 
ferentially on opposite charges. An action of this kind might 
account for the magnetic fields of the earth and the heavenly bodies. 
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BALLISTIC 
D’ARSONVAL 
GALVANOMETER 


In external appearance these galvanometers resemble our Type H 
instruments, but they differ from them in having a coil which is much 
wider than it is high. This increases the time of swing without increas- 
ing the weight of the moving system. 


Where the highest sensibility is not required, 
we recommend that they be made dead beat, 
as the deflection is proportional to the elec- 
tricity discharged through the coil, and an 
instrument returning without vibration to zero 
is the most satisfactory to use. As ballistic 
galvanometers are not ordinarily made this way 
we will furnish them undamped unless other- 
4 wise specified. 


SSS 


aS 


The sensibility, resistance, etc., of these 
galvanometers is indicated by the following: 
Resistance 2000 ohms. Sensibility (undamped) 
.0045 micro-coulomb. Steady current sensi- 
bility 600 meg ohms. Time of ballastic throw 
(undamped) from zero to end of deflection, 5 
seconds. No zero shift. 


SHOWING METHOD OF 
PROTECTING SUSPENSIONS 


THE LEEDS & NORTHRUP CO. 


ELECTRICAL MEASURING INSTRUMENTS 
4900 Stenton Ave. PHILADELPHIA 
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LEPPIN & MASCHE 


17 Engelufer Berlin, S. O., Germany 
Factory of Scientific Instruments 


High Frequency Apparatus, complete set with 
Accessories, $22.50. 


Coil with Helium Tube and Vacuum Tube to 
show various nodes and loops with great accuracy, 


$16.50. 

(This Apparatus to 
be worked by above 
high frequency Ap- 


paratus.) Induction 
Coil to work above 
Apparatus with De- 
sprez break and com- 
mutator by a 4-volt 
battery 


$36.00 


MANUFACTURERS OF e 
hest Accura 
ELECTRICAL, Hig 
MAGNETIC 
AND OPTICAL First-Class 
Measuring Workmanship 
Instruments 
For All Catalog Sent 
Purposes on Request 


All Kind of Standards according with the designs of the Imperial 
Physico-technical Laboratory. 


HARTMANN & BRAUN, A.-G. 


Ji 


| ae 
j = — 
Stendard Reckstence 
J 2 | 


PRECISION INSTRUMENTS 
Physical and Scientific Apparatus 


for 


Schools, Colleges and Private 


Laboratories 
also to design or specifications. 
U. S. Standard Weights and Measures 


W. & L. E. GURLEY, TROY,N. Y. 


Catalogues and information on request 


LANDOLT=BORNSTEIN 


PHYSIKALISCH-CHEMISCHE TABELLEN 


Fiir eine in Aussicht genommene neue Herausgabe der zuletzt im Jahre 
1905 erschienenen 


“Physikalish-chemischen Tabellen” 


wire es den unterzeichneten Bearbeitern der neuen Auflage von grossem 
Werte, seitens der Herren Fachgenossen auf Unrichtigkeiten oder Maingel 
der vorigen Ausgabe hingewiesen zu werden. Wir bitten daher, etwaige 
Wiinsche in Bezug auf Anderung, Vervollstandigungen oder, Weglassungen, 
sowie auch Sonderabziige der inbetracht kommenden neuen Verdffent- ° 
lichungen an einen von uns freundlichst einsenden zu wollen. 


Geh.Reg.-Rat Prof. Dr. R. BORNSTEIN 


Wilmersdorf b. Berlin, Landhausstr. 10. 


Prof. Dr. W. A. ROTH 
Greifswald, Karlstr. 8. 
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99 owing to their high quality used 
“MORSE” TOOLS 


MORSE TWIST DRILL & MACHINE COMPANY 


NEW BEDFORD, MASS., U. S. A. 


WM. GAERTNER & CO, Aven, 
PHYSICAL & ASTRONOMICAL APPARATUS 


SPECIALTIES. 
Interferometers, Cathetometers, 
Spectrometers, Dividing Engines, 

Heliostates, etc., etc. 


We are now in position to furnish all the apparatus 
for MILLIKAN & MILL’SCOURSE in Electricity, 
Sound and Light. Dynamo Analysis Apparatus. 


MAX KOHL A. G, °“"GERMANY 


MANUFACTURERS OF 


PRECISION MECHANICAL INSTRUMENTS 


LARGEST ESTABLISHMENT OF ITS KIND 


Furnish as a specialty complete outfits for Physical and Chemical Laboratories; Physical Apparatus 
and Instruments; Apparatus after Tesla, Hertz, Marconi, etc. Complete outfits for X-ray work. 
Purest Radium bromid of 1,200,000 X activity. Demonstration apparatus for telephotography after 


Kern, giving excellent sesuits. NEW! MEGADIASCOPE ! 
New Induction Coils for quick and distant ra- Most Perfect Projection Ap- 
diographies, spark-length 350 mm. Current paratus. 
intensity 30 and 50 milliamperes. Rotary Mercury Vacuum 


High Tension Rectifier. Pumps for High Vacua. 


~ 


Speciatty: Acoustical Apparatus, such as gipes, tuning forks, syrens, and al! other hi h precision 
instruments of this kind which were formerly supplied by Rud. Koenig, Paris and Appunn Hanau. 

One of my college customers in the U. S. A. writes: ‘“‘I am glad to be able to inform you that the 
tuning forks which you —— for the Department of Psychology compare very favorably with ones 
previously obtained from dry and Koenig and are possibly superior.” 

Profusely Illustrated catalogues with 3,500\lilustrations, directions, quotations, references, ett., 
in German, English or French furnished without any charge. 

World’s Fair, St. Louis, 1904, Grand Prize and Gold Medal. 

World’s Fair, Chicago, 1893 ; 2 Diplomas; World’s Fair, Paris, 1900. 
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MORSE CHAIN CO. 


MANUPACTURERS OF 
Frictionless Rocker Joint Chains, 
High Speed Silent Running Flexible Gearing for Power Transmission 


ITHACA, = N.Y. 


IF YOU WANT THE BEST 


instrument for projecting interchangeably— 
Lantern Slides and Opaque objects. 


INVESTIGATE orate prosector 


WRITE FOR DESCRIPTIVE CIRCULAR 


McIntosh Stereopticon Company, 


Desk P-35 Randolph Street 
CHICAGO, ILL. 


When an operator tells you that 


she uses the 


Remington 


she stands up a little straighter. 
She knows as well as you do 
that her choice of the Recognized 
Leader among Typewriters is a 
fine recommendation--one which 
raises her in your estimation. 
Remington Typewriter Company 


(Incorporated) 
New York and Everywhere 


Now Ready 


DIRECT and 
ALTERNATING 


CURRENT TESTING 


By Frederick Bedell, Ph.D. 
Professor of Applied Electricity in 
Cornell University 
Assisted by Clarence A. Pierce, Ph.D. 

This manual consists of a series 
of tests on direct-current gene- 
rators and motors and on single- 
phase and polyphase apparatus. 
Special prominence has been 
given to tests that are of engi- 
neering value and at the same 
time illustrate fundamental prin- 
ciples. The treatment of alter- 
nators, transformers, polyphase 
currents and polyphase power is 
particularly complete. 


275 pages. 8vo, cloth, Illustrated. 
Net $2.00, 


D. VAN NOSTRAND CO., 
Publishers, 

23 Murtay and 27 Warren Sts., 

| NEW YORK 
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RESISTANCE UNITS 
FOR ALL PURPOSES 


The Cutler-Hammer Mfg. Co. has developed resistances for every kind of service. 

Our Carpenter enclosed resistances are extremely compact in construction and 
are well suited for service in damp and dirty locations and where temporary over- 
loads occur. 

The Wirt Calibrating Rheostats are adapted for work requiring fine variations of 
high resistance as in laboratory or calibration work. 

Our catalog lists hundreds of styles and sizes of resistance units. 

Send to our nearest office for further information. 


The Cutler-Hammer Mfg. Co. Milwaukee 


NEW YORK: Hudson Terminal, 50 Church St. CHICAGO: Monadnock Block. PITTS- 
BURG: Farmers Bank Bldg. BOSTON: 176 Federal St. PHILADELPHIA: 1207 Common- 
wealth Trust Bldg. CLEVELAND: 1108 Schofield Bldg. Pacific Coast Agents: Messrs. Otis 
& Squires, 155 New Montgomery St., SAN FRANCISCO, CAL. 


DUTY FREE IMPORTATION SERVICE 
FROM STANDARD EUROPEAN MAKERS 
SPECTROSCOPIC APPARATUS 
MADE BY 
ADAM HILGER, LTD., 
LONDON 


We have a new supply of the latest 
catalogues of Optical Measuring In- 
struments made by ADAM HIL- 
GER, Limited, London, including 
the following:— 


LATEST MODEL HILGER WAVELENGTH SPECTROMETERS 
MICHELSON AND FABRY & PEROT INTERFEROMETERS 
LARGE QUARTZ SPECTROGRAPHS 

SPECTROSCOPIC APPARATUS FOR HIGH REVOLVING POWER 


Importation through our medium saves time, trouble and expense 


ARTHUR H. THOMAS COMPANY 


IMPORTERS AND DEALERS 
MICROSCOPES, LAGORATORY APPARATUS AND CHEMICALS 


1200 WALNUT STREET PHILADELPHIA 
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‘“*S-H” Demonstration 
Voltmeters AnD Ammeters 


v\ 


As U. S. Agents for the Electrical Instrument Dept. of 


Siemens & Halske 
we invite attention to a new series of 


LECTURE-ROOM VOLTMETERS AND AMMETERS 


Each instrument is provided with a large, distinctly marked scale 
for the audience ; and on the reverse side is a smaller scale for the 
lecturer. Working parts are exposed to view, with glass protection. 

Several types are made: ‘Moving Coil,’’ ‘Soft Iron,’’ and 
‘« Ferraris,’’ so that all practical requirements are fully met. 


Prices and other particulars in 
Bulletin 730 


JAMES G. BIDDLE 


Electrical and Scientific Apparatus 
1114 Chestnut St. PHILADELPHIA 
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JUST PUBLISHED 
Price Three Shillings, post free. 8vo, Cloth, 2 Plates. 


Brownian Movement and Molecular Reality 


BY Il. JEAN PERRIN 
Professeur de Chimie Physique, Faculté des Sciences, Université de Paris 
Translated from the Annales de Chimie et de Physique. 8me Series, September 1909 


BY F. SODDY, M.A., F.R.S. 
Taylor and Francis, Red Lion-court, Fleet-street, London, Eng. 


Imported Books on Physics, Electricity, Etc. 


BARTON.—A Text-Book on Sound. By EpwIN H. BaRTON, D.Sc. (Lond.). 
8vo, xvi+687 pages, with illustrations. $37.00 net. 
oe and WALLIS.—The Dynamo: Its Theory, Design and Manufacture. By 

. C. HAWKINS, M.I.E.E., and F. WALLIs, A.M.I.E.E., Fourth edition. 
l2mo, a111+925 pp. 413 illustrations, Cloth, $3.00 net. 
ee — Elementary Principles of Continuous-Current Dynamo Design. By 
HOBART. With 106 illustrations. Cloth, 8vo, x+220 2. $7.00 net, 
HOBART & ELLIS.—Armature Construction. By H. M. HOBART an G. ELLIs. 
With 420 illustrations, including numerous colored diagrams. 
Decorated cloth, ix+348 pp., index, 8vo, $4.50. 

RIDER.—Electric Traction. A Practical Handbook on the Application of Electricity 
as a Locomotive Power. By JOHN HALL RIDER. With 194 illustrations. (The 
Specialist’s Series. ) 16+453 pp. 12mo, cloth, $3.00 net, 
STILL.—Polyphase Currents. By ALFRED STILL, Author of ‘‘ Alternating Currents 
and the Theory of Transformers.”’ With many diagrams, 352 pp. $2.50 


Carriage of ‘‘net’’ books is uniformly an extra charge. 


THE MACMILLAN COMPANY, Publishers, 64-66 sth Ave., N. Y. 


Let us Remind You About 
Cross Section Paper 


Is your stock getting low? This is a time of 
year when many people renew their stock of such 
supplies. If you have not been using our cross sec- 
tion paper, write for prices and samples. January 


first is a good time to change. 


CorNELL Co-oPERATIVE SOCIETY 


ITuaca, N. Y. 
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BA Alternating Current Switchboard 
| Ammeters. 
and Volitmeters 


" will be found vastly superior in accuracy, durability, workmanship and finish 
to any other instrument intended for the same service. 

They are Absolutely Dead Beat, and Extremely Sensitive. 

Their indications are Practically Independent of Frequency and also 
of Wave Form. 

They are Practically Free from Temperature Error. 

They require Extremely Little Power to Operate Them, and They 
are very low in price. 


The New Weston 
Portable Alternating 
Current Ammeters, Milli-Am- 


meters.and Voltmeters 
“possess the same excellent characteristics. 
p The performance of all..these instruments will be a revelation to users of 


alternating current apparatus. 


¢ em New Weston Eclipse 
Direct Current Switchboard 

Ammeters 
Milli-Ammeters and Voltmeters 


are of the *‘soft-iron’’ or Electro-magnetic type; but they possess so many 
novel and valuable characteristics as to practically constitute a new type of 
instrument. ; 

They are exceedingly cheap, but are remarkably accurate and weli made, 
fee and nicely finished instruments, and are admirably adapted: for general use in 
are small plants, where cost is frequently an important consideration. 

Correspondence concerning these new Weston instruments is solicited by 


INSTRUMENT COMPANY 


Waverly Park, Newark, N. J., U.S. A. 
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